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Kurzfassung/ Abstract

Abstract

In developing countries, an increasing number of cases of chronic kidney disease (CKD)

is observed, in which traditional risk factors for CKD can be ruled out. In such cases, the

term chronic kidney disease of unknown etiology (CKDu) is used. A causal relationship

between potential risk factors and the onset of the disease has not been clearly established,

yet. However, agrochemicals are suspected to be associated with the disease. This dissertation

aims to contribute to the reduction of exposure to the potential risk factor agrochemicals.

The first part of the work describes the characteristics of CKDu, the situation in developing

countries, and their agricultural practices. Developing countries and their agricultural sectors

are often marked by a lack of financial and infrastructural resources as well as comparatively

low levels of education. The occurrence of CKDu has been documented in various regions

around the world.

Based on this, the second part of the work adapts a research and development environment

to local conditions, using the concept Living Lab. The Living Lab serves to develop, validate,

and improve tailored risk mitigation strategies concerning agrochemical use. These strategies

are introduced by various stakeholders involved in the Living Lab as potential solutions.

Both, the Living Lab itself and the resulting risk mitigation measures are designed as low-

cost approaches, for instance through the use of open-source software.

The third part of the dissertation describes and develops exemplary low-cost risk mitiga-

tion strategies from the fields of ecotoxicology and mathematical modeling. These serve as a

base for further development of risk mitigation strategies within the research and development

cycle of the Living Lab.

In the final part of the work, various mathematical methods are presented for the devel-

opment of an adaptive decision support system. This system is capable of processing spatial,

temporal, and fuzzy data to generate appropriate decision support related to the potential
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risk factor agrochemicals.
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Kurzfassung

In Entwicklungsländern ist eine zunehmende Anzahl von Fällen chronischer Nierenin-

suffizienz (CKD) zu beobachten, wobei traditionelle Risikofaktoren für CKD ausgeschlossen

werden können. In solchen Fällen spricht man von chronischer Niereninsuffizienz unbekan-

nter Herkunft (CKDu). Eine ursächliche Verbindung zwischen potenziellen Risikofaktoren

und dem Auftreten der Krankheit konnte bislang nicht eindeutig nachgewiesen werden. Es

besteht jedoch der Verdacht, dass Agrochemikalien mit der Krankheit in Zusammenhang ste-

hen könnten. Die vorliegende Dissertation soll einen Beitrag zur Reduzierung der Exposition

gegenüber dem potenziellen Risikofaktor Agrochemikalien leisten.

Im ersten Teil der Arbeit werden zunächst die Charakteristika von CKDu, die Situation

in Entwicklungsländern sowie die dortige Landwirtschaft beschrieben. Entwicklungsländer

und deren Agrarsektor sind häufig durch einen Mangel an finanziellen und infrastrukturellen

Ressourcen sowie ein vergleichsweise niedriges Bildungsniveau gekennzeichnet. Das Auftreten

von CKDu ist in verschiedenen Regionen weltweit dokumentiert.

Auf dieser Grundlage wird im zweiten Teil der Arbeit eine Forschungs- und Entwicklung-

sumgebung basierend auf dem Konzept des Living Lab an die beschriebenen Gegebenheiten

angepasst. Das Living Lab dient der Entwicklung, Validierung und Verbesserung angepasster

Risikominimierungsstrategien im Umgang mit Agrochemikalien. Diese Strategien werden von

den verschiedenen beteiligten Akteuren im Rahmen des Living Lab als Lösungsvorschläge

eingebracht. Sowohl das Living Lab als auch die entwickelten Maßnahmen zur Risikomin-

imierung werden als kostengünstige Methoden konzipiert, beispielsweise durch den Einsatz

von Open-Source-Software.

Im dritten Teil der Arbeit werden exemplarisch Low-Cost-Risikominimierungsstrategien

aus den Bereichen Ökotoxikologie und mathematische Modellbildung beschrieben und en-

twickelt. Diese dienen als Grundlage für weiterentwickelbare Strategien innerhalb des Forschungs-

und Entwicklungszyklus des Living Lab.

Im abschließenden Teil der Arbeit werden verschiedene mathematische Methoden vorgestellt,

mit deren Hilfe ein adaptives Entscheidungsunterstützungssystem entwickelt werden kann.

Dieses System ist in der Lage, räumliche, zeitliche und unscharfe Informationen zu verarbeiten

und daraus fundierte Entscheidungshilfen im Bereich der Risikominimierung abzuleiten.
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1 | Introduction

1.1 Problem formulation

Globally, around 750 million people are affected by a disease called chronic kidney dis-

ease (CKD) [BPR+18]. Traditional risk factors for CKD are, inter alia, hypertension, diabetes

mellitus, and obesity [ET11].

However, in less-developed countries a steadily increasing number of people suffering from

CKD can also be observed for about three decades, and traditional risk factors for CKD

can be excluded as cause for these disease cases [(PA17]. In these cases, when traditional

risk factors can be excluded, the disease is called chronic kidney disease of unknown eti-

ology (CKDu). To date, a causality between potential risk factors besides the mentioned

traditional risk factors could not be found, and only different hypotheses about the origin of

CKDu and related risk factors are mentioned in scientific literature. Possible nontraditional

risk factors are exposure to agrochemicals [SLW+10, OHA+11] , dehydration and hard work-

ing conditions [OTW+10], simultaneous exposure to pesticides and hard water [JGS14], or

intake of alcohol, nicotine, and non-steroidal anti-inflammatory drugs (NSAID) [RJLJ+15].

A characteristic group of people affected by CKDu cannot be determined; it is observed in

males and females, children and adults, people working in agriculture and people not involved

in the agricultural process. CKDu can also be observed in different regions of the world, e.g.,

Central America, Asia, Northern Africa, or in the Balkan states [(PA17]. Instances of high

case numbers of CKDu share commonalities, i.e., they are mostly located in less-developed

countries with the accompanying characteristics, e.g., low economic performance, an under-

developed healthcare system, a high number of people living in rural areas, and an insufficient

infrastructure [fECG19].

In some of the countries and areas with high CKDu case numbers, CKDu leads to a high

degree of suffering in the population, which is caused by high mortality, the related negative

effects on the populace, and a high level of effort in the treatment of people affected by CKDu.

3



CHAPTER 1. INTRODUCTION

This leads to a level of high pressure on the healthcare system in affected regions [OHA+11].

This thesis was inspired, inter alia, by the case of CKDu in El Salvador and is located within

a scientific project called Living Lab in El Salvador (LLinES), funded by the German Federal

Ministry of Education and Research. A detailed description of the project can be found in

section 1.4. The aim of the project was to initiate a research and development environment

called LL (section 5.3.1) in a CKDu affected rural community in El Salvador in a multidis-

ciplinary open community approach. In the LL, possible risk mitigation strategies should

be developed and evaluated. Additionally, the LL acts as an sensor for data sampling. The

approach described in this thesis should be a generic approach not only usable for the case

of CKDu in El Salvador but also for other agrochemical related diseases with a unknown

etiology and temporal and spatial dimensions.

Finding and establishing countermeasures against CKDu has two main obstacles: First, as the

etiology of CKDu is unknown at the moment, countermeasures against CKDu cannot get to

the root of the problem; they can only treat symptoms of CKD and try to reduce the exposure

to suspected risk factors. Second, as long as there is no causality found between a risk factor

and the outbreak of CKDu, mechanisms for reducing the case numbers and severity of the

disease could focus inter alia in three fields: treating symptoms of CKD, helping to find the

structure behind the epidemic of CKDu in less-developed countries, and, until the structure

and mechanisms are discovered, mitigating suspected risk factors, like avoiding unnecessary

exposure to pesticides, alcohol, nicotine, dehydration etc.

The results of this thesis contribute to improving the situation related to CKD in less-

developed countries. Therefore, methods from three main disciplines, namely mathematical

modeling, (eco-)toxicology, and research design (LL approach) are combined with the overall

aim of mitigating the risk for CKDu in the affected population. In figure 1.1, this issue is

visualized; the context of this thesis lies in the intersection between these three disciplines.

In this thesis methods from the discipline mathematical modeling are used to generate

temporal and spatial risk maps for CKD, develop an algorithm helping to detect the struc-

ture behind the disease, and give spatial decision support in terms of mitigating the risk factors

for CKD. Methods from (eco-)toxicology are needed in this framework because substances

that can act as toxins, e.g., heavy metals and pesticides, are suspected risk factors for CKDu,

and knowledge about the fate and behavior of these substances might help to reduce exposure

to the substances. Methods from research design are required because existing risk mitigation

4



CHAPTER 1. INTRODUCTION

Figure 1.1: Overview about the scientific main disciplines involved in this thesis: the content of the thesis lies

in the intersection between ecotoxicology, mathematical modeling, and the LL approach (figure generated with

LibreOffice Draw, image source: Bozhin Karaivanov and Ilham Wicaksono via Unsplash https://unsplash.

com/, Herselman unpublished).

strategies used in highly developed countries are not applicable in most of the affected areas

because the areas primarily affected by CKDu are poor rural communities in less-developed

countries [DE11]. Therefore, existing risk mitigation strategies must be adapted and tailored

to the regional, social and cultural constrains of people affected by CKDu in less-developed

countries.

Because it pertains to a research and development environment, a user-centered innovation

process called LL is used. In this thesis, the idea of a LL goes beyond the usage as a research

and development environment [BKS09]. Risk mitigation strategies are developed further, and

their effectivity and usability are tested and validated in a user-centered research and develop-

5
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CHAPTER 1. INTRODUCTION

ment process. Additionally, the LL can be regarded as a sensor, whereby relevant parameters

related to CKD can be sampled from the population involved in the LL.

In this thesis, the focus is on one suspected risk factor, pesticides, for CKDu [JPA+15,

GSS+17, OHA+11]. Besides a possible connection with CKDu, pesticides can have nega-

tive effects on human health [HCB12] and environmental health [MIS+16]. Reducing the use

of pesticides to only the necessary amount might have therefore positive effects on human and

ecosystem health and a positive effect on the financial situation of farmers using pesticides,

i.e., reducing the amount of pesticide used also reduces the amount of money spent for agri-

cultural inputs. Effects on human and ecosystem health are inter alia long-term effects and

the results of a lower exposure to pesticides might lie in positive effects that could be effec-

tuated in the remote future that are not so obvious in the near future. However, the positive

effect of a reduced pesticide amount on the financial situation of farmers is immediately eco-

nomically visible. This short-term benefit might help to motivate people to contribute in the

LL approach mentioned. According to [RPH+12], personal benefits are one of the short-term

motivation factors to contribute in citizen-science projects.

Regarding the substance group of pesticides and negative health effects, pesticide-related

health problems are more usual in less-developed countries. In less-developed countries, lim-

ited economic, medical, and educational resources lead to a high number of residents suf-

fering from pesticide-related health problems that are not seen in industrialized agriculture

[STM+12]. Because of the situation in less-developed countries, e.g., financial limitations,

missing resources [Noh98], highly toxic pesticides, [Eco01] and high temperatures [Sam24],

countermeasures as known as in developed countries are not applicable and must be adapted

to the needs of the populations in less-developed countries [SGKJ21] or new measures must

be invented.

Adoption of pesticide-related risk mitigation strategies to the needs of a rural community in

a less-developed country is a multidisciplinary approach with elements from ecotoxicology,

agriculture, resource management, and medical and material science. Therefore, different

stakeholders from these disciplines must work together in the LL. As most stakeholders do

not come from such rural communities and since community members have the best knowl-

edge about their own situation and cultural and religious behavior, they must be included in

the innovation process [VDWBZVV09]. As cultural behavior and the availability of neces-

sary resources have a temporal and spatial dimensions and since the fitness of risk mitigation

strategies is inter alia dependent on personal parameters like grade of literacy and education,
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CHAPTER 1. INTRODUCTION

skills, and personal history, not every risk mitigation strategy fits for every single person or

group.

In rural communities in less-developed countries, there is also the problem that people have

only limited access to information [LC17], e.g., regarding the availability of resources or risk

mitigation strategies in their area or the location of medical resources. If it is not available in

local institutions, such information can be generated or sampled, for example, in a collabora-

tive mapping approach [Bla15]. To gain the maximum benefit from a system that mitigates

the risk caused by agrochemicals, people can be assisted in their decisions, e.g., through a

SDSS [Kee03], considering the mentioned factors as well as personal data. To increase the

benefits of and adapt it to similar problems, such a system must be able to learn from the

feedback of the users or related sensors, e.g., if the risk mitigation strategy was successful.

Adaptivity is necessary because not every risk mitigation strategy fits to every location, as

there might be different characteristics determining the fitness of risk mitigation strategies.

1.2 Aim of the thesis and research hypotheses

The overall aim of this thesis is to develop, describe, and evaluate a structure with which it is

possible to give personalized adapted decision support to a person in the field of agrochemical-

related risk mitigation in a less-developed country. The system should be adaptive with the

aim that it can be used in different areas of the world with their own characteristics.

As the topic deals with less-developed countries and pesticide-related risks, the characteristics

of less-developed countries and agriculture in CKDu affected countries are elaborated.

SDSS and input data have spatial and temporal dimensions, for example, exposure maps, and

quality of risk mitigation strategies or the generated spatial decision support. As the quality

of the generated spatial decision support is dependent on the quality of the input parameters,

one of the aims of this thesis is to develop methods to rate the spatial and temporal quality

of data.

The decision support should be generated through different environmental and personal input

parameters and parameters sampled by citizen observers in an LL approach. These param-

eters can be processed in a software system with a mathematical structure to gain output

parameters with which it is possible to give decision support to people living in a CKDu

affected community. These mathematical methods must be adapted to the given structure.

In a mathematical sense, a system is required that transforms a vector with n input parame-
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ters into a decision support vector with m output parameters from the input space K ⊆ IRn

to the output space L ⊆ IRm:

K → L (1.1)

In this thesis, the mathematical methods necessary for an SDSS in an open community ap-

proach should be evaluated according to their use for the described approach.

A concrete application for risk mitigation in the field of CKD using the LL approach will

be described and developed in this thesis. The LL serves as an environment for the data

sampling, development, and local evaluation of the described system and to find and evaluate

new risk mitigation strategies, which are accepted and used by users in the long term, in a

user-centric innovation process.

The temporal and spatial distribution of risk can be visualized in risk maps. In this thesis,

methods will be developed with which it is possible to generate spatial and temporal data

related to risk and risk maps.

Additionally, an example for a base repository of low-cost risk mitigation strategies from the

disciplines mathematical modeling and ecotoxicology will be developed.

Summarizing, the overall aim of this thesis is to combine ecotoxicological risks and risk mit-

igation strategies with mathematical modeling and an LL approach to create and analyze a

system giving spatial decision support that is adapted to local economic, social and cultural

requirements and constraints in a less-developed country in order to improve the pesticide-

related health situation.

Within this thesis, the following research hypotheses are examined:

H1: A user-centered research and development environment can be adapted with the aim

of developing risk mitigation strategies related to agrochemicals or CKDu in less-developed

countries.

H2: It is possible to generate an initial base repository of risk mitigation strategies for a

user-centered research and development environment.

H3: Mathematical methods can be used to develop an SDSS to find the best-fitting risk

mitigation strategies tailored to personal characteristics and available resources with fuzzy

data.
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H4: Related Information Technology (IT) systems and risk mitigation strategies can be

developed with open-source and low-cost methods.

1.3 Structure of the thesis

The thesis is structured in the following parts: chapter 2 consists of an introduction to CKDu,

pesticide use and exposure, as well as agriculture and healthcare system in less-developed

countries. In the following chapter 3, the term risk is discussed. The theoretical and math-

ematical background of model building and mappings are highlighted in chapter 4. The fol-

lowing two chapters deal with the applied research and development environment LL. First,

in chapter 5, a requirement and constraints analysis for the research and development en-

vironment is performed. Derived from this requirement and the constraints analysis, the

concept LL is theoretically introduced and adapted to the needs of a research and develop-

ment environment in the described context of CKDu. Chapter 6 deals with data sampling in

a citizen-science approach, as used in this context, and how an LL can be used as a sensor for

the data acquisition of CKDu relevant parameters.

The methods for the data processing and quality estimators of temporal and spatial data are

highlighted in chapter 7. In part III, first, the characteristics of risk mitigation strategies

usable in the described LL approach in less-developed countries are worked out. Second, an

initial base repository consisting of possible risk mitigation strategies usable in the research

and development cycle in the LL approach is developed. Requirements for an SDSS that can

be used in the described approach are defined in chapter 15.In chapter 16, the mathematical

tools necessary for the modeling and SDSS approach, such as fuzzy sets, fuzzy logic, ANN

and optimization techniques, are introduced and described, including how these mathematical

tools can be used for generating SDSS. In chapter 18, mathematical approaches are described

how an SDSS can be developed by combining fuzzy logic and ANN and how a system must

be constructed with mathematical tools in order to find a possible structure behind a disease

with unknown etiology. Chapter 19 contains a summary about the results of this thesis and

a discussion about the limitations of the described approach as well as an outlook on possible

related research.

1.4 Related projects

This thesis was part of the scientific project LLinES.
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The project LLinES, funded by the German Federal Ministry of Education and Research,

started in 2014 as a collaboration of different scientific research institutes and other authorities

with the aim of building an infrastructure for a CKD-related LL in El Salvador. Originally,

the project was initiated by stakeholders of different disciplines and from different agencies

and authorities like members of the University of Koblenz-Landau, the University of El Sal-

vador, Research-Group Learning and Neurosciences (ReGLaN) and the Council for Scientific

and Industrial Research (CSIR) Meraka Institute but also by stakeholders involved in poli-

tics, such as the embassy of El Salvador in Germany, and from authorities like the National

Health Institute of El Salvador and other institutions, such as the Action Team 6 Follow up

Initiative (AT6 FUI). The project ended in 2018 because gang violence was so high in El

Salvador that project related work could not be performed in the pilot region Bajo Lempa

[iES20]. Within the project, some field trips were made to the pilot region in El Salvador; as

a result, observations made during such field trips found their way into this thesis.

On the other side, it was intended that results from this thesis find their way into the planned

LL in El Salvador. Due to the unplanned end of the project LLinES and the delayed comple-

tion of this thesis, this was not possible.

10



2 | CKDu, pesticides, risk, and the situation in

less-developed countries

This thesis is inspired by a concrete case of a disease with unknown etiology in a less-developed

country, called CKDu. In the thesis, an approach is developed whereby mathematical mod-

eling is used in an user-centered innovation process called LL with the aim of developing

methods that help discover the etiology of the disease and to give decision support in terms of

mitigating the risk caused by the disease. However, the approach should be not only for the

concrete case of CKDu but should also work for other diseases with a structural similarity.

In the following chapter, first the concrete case of CKDu is described. As CKDu is related with

less-developed countries, agriculture, and healthcare, and to understand the general structure

behind the disease and to bring it to a broader base, the theoretical background in terms of

the general situation in less-developed countries, agriculture, and healthcare are analyzed.

The focus of this thesis lies on one of the suspected drivers for CKDu: pesticides. Therefore,

an introduction to the term pesticides, the fate of pesticides, and the effects of pesticides on

humans and ecosystems are also part of this chapter.

2.1 CKDu and less-developed countries

2.1.1 CKDu, a disease with unknown etiology

In industrialized nations, a steady increase in the number of people suffering from CKD can

be observed, with an annual growth of 5-8% [ENB05]. It is estimated that by 2030 about

70% of patients with CKD are located in less-developed countries [AF04, Bar06].

In general, a patient has CKD if they have “[k]idney damage for three or more months, as de-

fined by structural or functional abnormalities of the kidney, with or without decreased GFR,

manifested by pathological abnormalities or markers of kidney damage, including abnormali-

ties in the composition of the blood or urine or abnormalities in imaging tests” [JLC+04, p.
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871] .

CKD is not a disease itself; it consists of symptoms caused by different ailments [Fou02].

There are traditional risk factors associated with the occurrence of CKD, like hypertension,

diabetes mellitus, unhealthy lifestyle, [Bar02, LC12], old age, cardiovascular disease, and obe-

sity [LC12], etc. Also, genetic factors that make a person susceptible to kidney disease are

recognized as potential risk factors [LC12]. In areas like El Salvador, Nicaragua, Mexico,

Costa Rica, Belize, Sri Lanka, India, Pakistan, Tunisia and Egypt – countries with a high

prevalence of CKD – these traditional risk factors can be excluded as a responsible factor

for the high case numbers [OHA+11, (PA17]. In these regions, CKD is called agricultural

nephropathy, CKD of nontraditional causes, or CKD of uncertain etiology (CKDu).

The case numbers of CKDu in Central America and Asia have been rapidly increasing for

about three decades; researchers call it an epidemic. Those affected by this epidemic are

mostly poor, rural communities in less-developed countries [Jay14]. In El Salvador, one of the

countries with the highest case numbers of CKDu in relation to the population, CKD is a huge

health problem. Nationally, it is the leading cause of death in the adult population treated

in hospitals, the second leading cause of death in the male population, and the fifth leading

cause of death among all adults [dNeHAdES10]. CKDu is mostly observed in middle-aged

farm workers; however, children and women not working in the agricultural sector are also

affected [ONHVAL+17].

Nowadays, as CKDu is regarded as a real problem in the mentioned areas, several institutions

and scientific working groups are working on the field of CKDu [(PA13, ONHVAL+16, yAS18,

oSLOw18].

Suspected related factors that favor the occurrence of CKDu in these areas include exposure

to heavy metals, pesticides, high temperature, hard working conditions, and nephrotoxic sub-

stances [SLW+10]. In a review study, [VLdSW17] found no strong epidemiological evidence

that pesticides in general are the single cause of CKDu. However, pesticides consist of hun-

dreds of toxins, some of which are nephrotoxic. Other studies show relations between pesticide

use and drinking water from a well with water contaminated with the pesticide glyphosate and

CKDu in Sri Lanka [JPA+15]. [GSS+17] showed a relation between organochlorine pesticide

residues in human samples and CKDu. However, a causality could not be found.

Investigations in the El Salvadorian Bajo Lempa region show significant correlations between

the presence of CKD and work in the agricultural sector as well as exposure to pesticides

[OHA+11]. [VLOR14] have shown that high temperature, a factor associated with agriculture
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in the mentioned countries affected by CKDu, cannot be linked exclusively for the occurrence

of CKDu. They found indications that people suffering from CKDu in El Salvador live in

agricultural areas with high pesticide use, high agricultural working intensity, and high tem-

peratures, e.g., areas with a high cultivation intensity of sugarcane. As pesticides and heavy

metals are some of the suspected risk factors and are often mentioned in scientific literature

about CKD, research in El Salvador is focused mostly on these substances.

In general, in El Salvador pesticides are in use that are listed in the Rotterdam Convention

and not allowed to be used in the European Union (EU), for example [MQL+14]. A study

conducted in a village with a high CKD prevalence analyzed causes for pesticide exposure.

People involved in the farming process have a high exposure to pesticides through the misuse

and mishandling of pesticides caused by a lack of knowledge about correct usage. Causes for

the missing knowledge and misuse are not mentioned in the study. However, not only farm

workers are exposed to pesticides. In this region pesticides are applied in high quantities by

airplane; therefore, the pesticides also reach non-agricultural areas. Another source of pes-

ticide exposure for non-farm workers is through stockpiles of old pesticides. Drinking water

in the investigated community is also contaminated with heavy metals. Farm workers have a

particularly high exposure to pesticides because of the lack of protective clothing use when

applying pesticides [QRM+17].

Several studies have shown that in general, in El Salvador drinking and surface water have

high concentrations of heavy metals, like aluminum and nickel, for which the source was both

natural and anthropogenic caused, inter alia, through metal mining, discharges from industry,

or illegal waste dumps [ACR+17, GZ14, RACR19]. Similar relationships have been observed

in other countries such as Nicaragua and Sri Lanka [SCA+10]. In all these countries, the

cultivation and export of agricultural goods is one of the main economic factors. However,

this intensive agriculture requires large amounts of pesticides and fertilizers [Eco01]. In some

of the mentioned countries, pesticides with a high toxicity for humans that are restricted

in some way in industrialized countries are also used because they are still allowed or their

prohibition is not adequately controlled in some of these countries [WCB05, KFP+09, HM11].

Table 2.1 gives a summary of the mentioned potential risk factors.

Nowadays, multideterminant models for the etiology of CKDu are developed; however, a con-

crete causality has not been observed until now. [(PA17] developed a multideterminant model

with potential causes for CKDu. In general, besides traditional factors, they attribute the

occurrence of CKDu to hard agricultural working conditions, dehydration, exposure to pesti-
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cides and heavy metals, and behavioral factors like smoking, alcohol, or ingestion of NSAID.

They determine it to a lack of hygiene practices and healthcare, unsustainable agricultural

working practice and a low socioeconomic status of the affected people. Within this mul-

tideterminant model, it is assumed that CKDu occurs if a person has two or more of the

mentioned risk factors. However, concrete evidence does not exist [(PA17]. [JGS14] propose

another multifactorial model. CKDu occurs if three risk factors come together at the same

time: hard water, exposure to the herbicide glyphosate and nephrotoxic metals.

Table 2.1: Potential risk factors for CKD and uptake routes

Potential risk factor Source

Agrochemicals Uptake during preparation of application process [FW05]

[SLW+10]; [OHA+11] Uptake during application process itself [FW05]

Uptake after the application process [FW05]

Uptake because of re-entry of sprayed fields [FW05]

Drift from contaminated clothes [FW05]

Uptake with drinking water [OHL+15]

- wrong disposal of empty containers [MQL+14]

- waste deposits of old agrochemicals [OHL+15]

- wrong application [MPW+99]

Inhalation due to:

- spray drift [FW05]

- storage of equipment and pesticides in the house [MQL+14]

- use of (nearly) empty containers in the house [GLR99]

Dehydration [RJLJ+15] Low water uptake [CRWJ14]

High temperatures [CRWJ14]

Duration of work [CRWJ14]

Alcohol [OTW+10] Personal uptake

Smoking [OTW+10] Personal uptake

NSAID [OTW+10] Personal uptake:

Pain and inflammation

Heavy Metals [SLW+10] Uptake with drinking water [ACR+17]

Hard water [JGS14] Uptake with drinking water

14



CHAPTER 2. CKDU, PESTICIDES, RISK, AND THE SITUATION IN
LESS-DEVELOPED COUNTRIES

Other risk factors for CKD not listed in table 2.1 are missing or limited access to healthcare

and missing treatment of CKD [(PA17].

The progress of CKD can be categorized into 5 stages, according to the damage and the

function of the kidney, measured with the Glomerual Filtration Rate (GFR), a parameter

describing the level of kidney function. With a higher stage of CKD, the kidney function

decreases, which can lead to death by renal failure. Renal failure is observed as the highest

stage of CKD. Table 2.2 gives an overview of the different stages of CKD. Patients in the

early stages of CKD often do not have symptoms, and the disease is often only recognized in

routine examinations. The early stages of CKD are reversible; that means that the disease can

disappear. Higher stages of CKD can lead to death within a few months. Severe symptoms

can only be treated with kidney transplantation or with dialysis. CKD in a stage in which

transplantation or dialysis is needed is also called end-stage renal disease [LC12].

There are biomarkers and routine laboratory tests available to detect CKD [OMAB+14]. Ab-

normalities in kidney function can be detected by a decreased GFR or by other biomarkers,

like the presence of proteins in the urine [Gro09]. In practice, the urine of a person is screened

to the protein albumin, the presence of which in the urine is a marker for an abnormal kid-

ney function. The screening for albumin can be easily conducted with test strips that are

available in pharmacies [OHA+11]. The GFR of a person is not measured directly; it can be

calculated [Gro09]. Different formulas are available to calculate the GFR; the most used is

the formula developed by the Modification of Diet in Renal Disease Study Group [LBL+99],

called MDRD formula, and the CKD epidemiology collaboration creatinine equation [LS10],

further called the CKD-EPI equation. Their commonalities are that personal attributes, such

as age, sex, skin color, weight, and height, are implemented into the formulas in addition

to laboratory values [LBL+99, LS10]. To use the MDRD formula, values for the creatinine,

albumin, protein, and urea content in the blood serum as well as the content of urea in the

urine are needed [LBL+99]; for the CKD-EPI equation, only the creatinine content in the

blood serum is required [LS10]. The creatinine content in the blood serum can be measured

with laboratory equipment, such as a photometer [Gro09]. In [OHA+11], a photometer was

used to analyze the creatinine content in the blood serum, with the laboratory equipment

located in a rural healthcare facility and operated by laboratory staff.

The results of tests for the stage of CKD can be used to confirm the results of the later devel-

oped theoretical approach for modeling risk and the success of the proposed risk mitigation

strategies. In practice, CKD is diagnosed if in two tests albumin is present in the urine,
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expressed as a Albumin Creatinine Ratio (ACR) ≥ 30 mg
g , or if GFR < 60 mL

min per 1.73 m2

[(PA17].

In relation to the CKD stage, therapy includes the administration of medications, dialysis,

Table 2.2: Stages of CKD, classification and GFR according to [Amm20]

Stage GFR in mL
min per 1.73 m2 Classification

1 ≥ 90 Normal or high

2 60 - 89 Slightly decreased

3 A 45 - 59 Mild to moderately decreased

3 B 30 - 44 Moderately to severely decreased

4 15 - 29 Severely decreased

5 < 15 Kidney failure

or kidney transplantation [CRMT11]. As kidney damage is in most cases irreversible, therapy

has the aim of mitigating kidney damage [LRB+13]. However, due to the lack of financial

resources, therapy is often not affordable or specialized healthcare facilities not available for

people living in less-developed countries, leading to a higher mortality of CKD patients in

less-developed countries [CRMT11].

Up to now, hemodialysis is the most appropriate therapy for higher stage CKD patients.

However, specialized physicians (nephrologists) are needed, and hemodialysis is conducted

in specialized healthcare facilities that are often only located in metropolitan areas. A dial-

ysis method, for which a specialized healthcare facility is not necessary, and which can be

conducted as an outpatient procedure, is called Continuous Ambulatory Peritoneal Dialy-

sis (CAPE). It can be conducted by a trained, but not specialized, physician; the patients

do not must travel to a specialized healthcare facility, and it can also be conducted in a local

healthcare facility [NWG+17]. However, medical equipment, like catheters and cleaning fluid

are necessary to conduct the CAPE but sometimes not affordable by affected people [LC01].

As the etiology of CKDu is not clarified at the moment, surveillance of CKDu cases, inter alia,

is regarded as an important instrument [KS17, (PA17]. [(PA17] have developed a framework

for passive, active, and population-based surveillance. In the proposed framework of [(PA17],

passive surveillance means that national databases of reported deaths caused by CKDu or reg-

istries of transplantation or dialysis are used and statistically analyzed with other variables,
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like location of residence, age, sex and socioeconomic conditions to find patterns. Active

surveillance means that surveillance is undertaken in well-defined communities, e.g., through

a questionnaire, taking into account health parameters, like biomarkers for CKD, as well as

parameters describing occupational and socioeconomic factors. In population-based surveys,

the whole population or occupational groups are surveyed. In the surveys, questionnaires

must be answered with personal information and information about the presence of potential

risk factors; additionally, physical examinations can be conducted. The aim is to find risk

factors for the disease [(PA17]. There are several approaches available for population-based

surveillance in order to identify risk factors, e.g., the STEPwise approach to surveillance

(STEPS) of the World Health Organization (WHO) [Org18] or the Chronic Kidney Disease

Surveillance Project of the National Health and Nutrition Examination Survey of the United

States [fDCP18].

In this section, the case of CKDu was described. Derived from this case, this work intends to

develop a general framework for the development and application of risk mitigation strategies

in this thesis. Therefore, it is necessary to describe the case of CKDu on a more abstract

level.

CKDu can be described as a noncommunicable disease with unknown etiology that mostly

occurs in poor rural areas with high agricultural activity and limited access to healthcare fa-

cilities. One of the suspected main factors is agrochemicals. CKDu results in a high number

of death and affects many people. Geographically, it is not restricted to a specific area or

continent. The etiology of the disease is unknown. Potential risk factors were identified; how-

ever, their interrelations and mechanisms and the assessment of which of them is responsible

for the occurrence of CKD has not been clarified until now.

The progress of the disease can be measured with routine laboratory tests. Research about the

disease is mostly done in basic research. The disease has a temporal and spatial dimension.

Different types of people are affected, not only farm workers, but also the general population.

A heterogeneous group of affected people distributed all over the world can be recognized.

2.1.2 Introduction to the term less-developed countries

In the last section, the case of CKD was described. As most cases of CKDu are located in

less-developed countries, and as CKDu in El Salvador is used a case study, some basic back-

ground information to these terms are given in the following chapter.
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This thesis deals with the case of CKD in El Salvador and related risk mitigation strategies.

The approach used in this thesis should not only be for the described case but also for a more

general framework. As CKDu is a problem of less-developed countries, the characteristics of

these countries are described in the following chapter.

Overall, there is no unique definition of what a less-developed country is. Institutions like

the World Bank, Organisation for Economic Co-operation and Development (OECD) or the

United Nations (UN) use indicators to categorize countries into less-developed countries and

developed or industrialized countries with different subgroups. The categorization into devel-

oped and less-developed countries is used to decide which countries can receive development

assistance by international organizations such as the OECD. Recipient countries of official

development assistance are all low- and middle-income countries as categorized by the World

Bank and all least developed countries as listed by the UN [fDP18]. The World Bank uses

as an indicator only the Gross National Income (GNI) per capita, with an upper threshold

value for the GNI per capita of $12235 in 2016; the UN also incorporates indicators for human

assets and economic vulnerability [fECoO19].

Less-developed countries are in general characterized by economic underdevelopment in con-

trast to industrially developed countries. The economies of most less-developed countries are

characterized by a structure in which traditional modes of production, predominantly in agri-

culture, are confronted with a modern, dynamic economic sector – mainly in the industrial

sector. The economy is characterized by a lack of capital and external difficulties due to the

fact that many less-developed countries are heavily in debt [fECG19].

Economically, they can be characterized by a low per capita income, low savings rate and

investment activity, low productivity of labor, low technical education, dominance of the pri-

mary economic sector, and a lack of material infrastructure. This results in a low level of

healthcare with low life expectancy, high child mortality, poor nutrition, and food insecurity,

and a low educational level with high illiteracy rates [Noh98]. Additionally, high unemploy-

ment, an overall low standard of living, and often extremely uneven distribution of existing

goods characterize these countries [fECG19].

In this section the common characteristics of less-developed countries were analyzed. This

knowledge is necessary to find appropriate risk mitigation strategies, applicable also in less-

developed countries. From these findings, requirements for risk mitigation strategies can be

derived in general for less-developed countries. However, the mentioned characteristics can

differ between different less-developed countries. To improve the effectiveness of the risk mit-
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igation strategies, they must be adapted to the countries’ characteristics.

This thesis was inspired by the case of CKD in El Salvador and is embedded in a project in

this country. Therefore, in the following section, the situation related to CKDu in El Salvador

is highlighted.

2.1.3 El Salvador and the pilot region Bajo Lempa

El Salvador is a middle-income country located in Central America between 13 and 15 north

latitude and 87 and 91 west longitude and is bordered by Honduras and Guatemala. It has a

coastline with the Pacific. The capital of El Salvador is San Salvador [Geo02]. It has an area

of about 21,000 km2 [Ban19g], a population of about 6.421 million inhabitants [Nat19b], and

a population density of about 309.9 people per km2 [Nat19a] (the last two values for the year

2018). It is the smallest country with the highest population density in Central America.

The landscape of El Salvador is characterized by four landscape types: There are the central

highlands, consisting of about 20 volcanoes, some of which are active. Between the volcanoes,

there are basins with fertile soil with volcanic origin used for agriculture. North of the central

highlands borders an interior plain, and at the Pacific coast there is a coastal plain. In the

north of the interior plain along the border with Honduras are the highlands. Only about

20% of the soil is usable for agriculture. This soil is mostly in regions with volcanic activity

or in areas where volcanic ash and sediment are transported by rivers. Regions with fertile

soil are therefore in the interior and the coastal plain, and fertile soil in regions with high

elevation is in danger of erosion [Bri19].

The longest river of El Salvador is the Lempa River, originating in Guatemala and flowing

through the central highlands and plains and flowing into the Pacific Ocean in the Bajo Lempa

region after having crossed the coastal plain. A second main river is the Rio Grande, draining

the eastern part of El Salvador [Bri19].

The environment in El Salvador is mainly affected by deforestation caused by agricultural

activities and a high population density. However, industrial, agricultural, and urban pollu-

tion of the environment are also severe problems [QRM+17]. The literacy rate in the adult

population in El Salvador is about 88%, which is around the world average (86%) and the

average rate for Central American countries (86%) but higher than the average of low-income

countries (61%) [Ban19d, Ban19f]. The school system is divided into preschool, primary, and

secondary education, and primary school is compulsory and free [Bri19]. In the rural areas,

people have received on average about 2.2 years of school education, and a large part have no
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school education [FotUN19]. The climate of El Salvador can be characterized as tropical with

a dry season in the summer and a wet season with heavy rainfalls in the winter. However, due

to the elevation differences within the country, differences in terms of temperature and precip-

itation can be observed. Precipitation in the coastal plain is lower than in the mountainous

regions, and temperatures in the coastal plain are higher than in the mountainous region

[Bri19]. The annual mean temperature is about 24.8◦C with an annual mean precipitation of

about 1824 mm [Pro19a].

About 60% of the population lives in urban areas. Spanish is the official language in El Sal-

vador [Bri19].

The country has only a low growth Gross Domestic Product (GDP), with an estimated GDP

growth of about 2.6% in 2019, and about 20% of the GDP comes from emigrated workers.

The poverty rate is about 31% [Ban19a]. Poverty in the rural areas is characterized by a lack

of basic services like electricity, water access, and sanitation [FotUN19].

The main agricultural crops are cotton, sugarcane, maize, and coffee. Industry is mainly based

on service [Ban19a]. Of farmers, 82% are small-scale farmers with less than 3 ha land. These

small-scale farmers mostly produce basic grains [Ban19a]. Of all employees, 19% are em-

ployed in agriculture [Ban16]. In 2019, El Salvador had a Human Development Index (HDI)

value of 0.674 and is categorized as a country with medium human development [Pro19b].

The GDP per capita was about US$4058.20 in the year 2018, lower than the world average

(US$11298.30) and lower than the average for Central America (US$5449.20) GDP per capita

[Ban19b]. The main problems in the country are natural disasters, like volcanoes and tropical

storms, and crime conducted by gangs, also called maras. El Salvador has one of the highest

homicide rates in the world [Bri19].

Child mortality in El Salvador is about 14 per 1000 birth, lower than the world average (39

deaths per 1000 birth) but much higher than the OECD member state average (6) [Ban19e].

Life expectancy at birth is about 72 years (world average 72 years, OECD members 80)

[Ban19c].

The project LLinES was planned in the pilot region of Bajo Lempa. The Bajo Lempa region

is a rural region characterized mainly by agriculture, about 150 km southeast from the capital

San Salvador on the Pacific coast at lower reaches of the Rio Lempa. The location of the Bajo

Lempa region within El Salvador is visualized in figure 2.1.

The region is frequently affected by flooding and has a high CKDu prevalence. The main

agricultural products are sugar cane and maize. Bajo Lempa communities were resettled
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Figure 2.1: Map of the pilot region Bajo Lempa in El Salvador (figure generated with QGIS).

after the end of the civil war in 1992 – mainly by refugees from other parts of the country.

Society in the Bajo Lempa region is characterized by a high degree of organization with agri-

cultural cooperatives, like ACUDESBAL (Asociacion Intercomunal de Comunidades Unidas

para el desarollo economico y social del Bajo Lempa), or grassroots communities with the aim

of developing social, environmental and participatory progress, like the Asociacion Mangle

[Man24]. However, the region is also characterized by high poverty and gang violence. Basic

healthcare services like a local medical station are offered in the communities (personal com-

munication). Overall, three field visits were carried out during the LLinES project, and some

findings are presented in chapter 2.2.4.

The Bajo Lempa region was chosen as the pilot region because the chance of suffering from

CKD is quite high and relations with the Salvadorian project partners already existed; fur-

thermore, the local population and cooperatives wanted interventions against CKD and were

willing to cooperate with foreign project partners.

In this section, the situation related to CKDu in El Salvador was discussed. From the

results of this chapter, options for risk mitigation strategies can be derived with a higher
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granularity and tailored to the situation in selected region than by using the general charac-

terization of less-developed countries given in section 2.1.2. However, if no information about

the situation in specific region or country are available, risk mitigation strategies can also be

developed for the general characteristics of less-developed countries; however, the effective-

ness might be lower than if more specific information about a specific area is used in the risk

mitigation strategy developing process.

2.1.4 Health situation in less-developed countries and factors influencing

access to the healthcare system

An introduction to the healthcare situation in less-developed countries is presented in the

following chapter. For example, one possible risk mitigation strategy can be the correct and

appropriate treatment of agrochemical-related diseases.

In general, the healthcare situation in less-developed countries is not sufficient enough that

people’s health can benefit highly from it. In less-developed countries, wealthier people benefit

more from the existing healthcare system than poorer people [O’D07]. In less-developed

countries, the number of hospital beds, doctors, and nurses per inhabitant is more than five

times less than in developed countries [PGB+08].

In the less-developed world, the main problem in the field of healthcare is the accessibility

of medical prevention and treatment methods. [Wag04] describes that three diseases, namely

malaria, diarrhea, and pneumonia, for which prevention and treatment methods readily exist

in more developed countries, are still responsible for over 50% of child deaths worldwide.

These deaths could be prevented if access to the mentioned basic prevention and treatment

methods were available. Therefore, there is a gap between potential healthcare and healthcare

used, and this gap has different reasons.

[O’D07] mentions different reasons for this gap. On the demand or patient side, a lack of

education and typical cultural behavior lead to the fact that symptoms are not recognized as

being a reason for visiting a healthcare facility, e.g., the disease is not recognized as severe or

is not recognized at all. On the other side, the effect and the benefits of medical treatment

are not known. The high number of child deaths in Latin American countries are, according

to [HKE04], attributed to this fact.

[Sac01] analyzed the difference between the money necessary for countries to offer a base

healthcare level and the amount spent in reality. They found a large gap between these two

variables and state that this gap shows that required healthcare elements are not offered in
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a range necessary for basic healthcare. This indicates that the supply side is not developed

enough for a working healthcare system.

[O’D07] reports that existing healthcare facilities in less-developed countries often are low

quality. This low quality is also a reason for a lack of healthcare. According to [O’D07], the

lack of effective healthcare in less-developed countries is related to a meager supply of effective

high-quality healthcare and that people will not use healthcare services from which they do

not get a benefit. On the supply side, in less-developed countries the offered healthcare is

often of low quality. This is connected to the demand observations that patients will not use

a healthcare facility that they think is of a bad quality and little or no benefit.

In less-developed countries, there is also a gap between rural and urban areas in the field

of healthcare. [Str03] attributes this to higher poverty and fewer healthcare resources in

rural areas. Additional factors influencing this trend can be seen in the behavior of rural

communities. They have their own traditions and believe in a traditional way of treating

diseases. On the other side, in many traditional communities there is a way of doing things

and finishing them, even, if the people have diseases. This often leads to a worsening disease

with no or insufficient treatment.

E-health is a concept that is increasingly used in less-developed countries, especially in rural

areas, to decrease the costs and counter geographical barriers [LSLS12]. The WHO defines

E-health as “the transfer of health resources and healthcare by electronic means” [Org15b].

According to the WHO, E-Health implements, inter alia:

• delivering health information via telecommunication and the internet for both patients

and health professionals and

• the use of IT for the improvement of public healthcare.

Healthcare professionals and patients are connected via telecommunication or the internet,

through which the patient can describe or show the symptoms, etc., and the healthcare pro-

fessional can make a diagnosis and give support to the patient. The second item means that,

e.g., health promoters in rural areas are trained via the mentioned channels in order to give

the best advice to a patient, even if a professional physician is not available.

A field trip to a local healthcare center in the Bajo Lempa region in El Salvador in 2015 showed

that the healthcare system does not work as efficient as it would be necessary to treat diseases

caused by pesticides. The visited healthcare center is relatively new and was established in

2011 to treat people suffering from CKD or people having symptoms of a disease caused by
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pesticides. Relatively modern equipment to perform dialysis is available. The goal is to teach

people suffering from CKD how to do a dialysis for themselves with only a minimum visits to

a hospital or healthcare center. The staff of the regional healthcare center have said that they

cannot use the equipment because the materials needed to do so or to teach patients about

dialysis is missing, such as tubes. In terms of the definition, access to the healthcare system

is limited according to the availability of the needed resources.

Communication with staff of the local healthcare center showed another problem occurring

especially in less-developed countries. The center has information about death rates, pesti-

cides applied by the dead people, and so on. It would be possible to do statistical analyses

on potential risk factors for the prevalence of a disease caused by pesticides, but the money

is not available for staff to analyze the collected data. Such a risk factor analysis would be

important for finding possible risk mitigation strategies. This fact can also be attributed to

the availability in an indirect sense. There are not enough medical researchers available to

investigate the causes of the mentioned pesticide-related disease. Therefore, effective coun-

termeasures cannot be undertaken.

One of a possible risk mitigation strategy is to optimize the healthcare situation in the frame-

work of the logistical optimization of medical resources and give spatial decision support to the

people, e.g., where the next appropriate physician is in terms of acceptability, accommodation,

accessibility, availability, and affordability to where the patient is located.

2.2 Pesticides and CKDu

2.2.1 Pests, pesticides, and alternative pest management strategies

Pesticides are one of the suspected risk factors for CKDu. In this thesis, a multidisciplinary

approach for developing risk mitigation strategies is proposed for which stakeholders from dif-

ferent disciplines work together to develop individual fitting risk mitigation strategies. With

the mentioned focus on pesticides, a contribution from the perspective of one of the involved

disciplines, ecotoxicology, on the multidisciplinary problem solve strategy is performed. In

the proposed user centered innovation approach (chapter 5), a problem description and mech-

anisms for finding risk mitigation strategies must be developed from each of the involved

disciplines.

To understand the mechanisms of risk mitigation in the field of ecotoxicology, a theoretical

introduction to the use and fate of pesticides is given in the following chapter.
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There are many definitions available describing the characteristics of organisms that are called

pests. The most have in common that an organism is regarded as a pest if it causes negative

effects to humans, their animals and plants, or agricultural products. An organism labeled

as a pest is always related to damage to humans or their properties. That leads to a species

being considered a pest when it is located in an area used by humans with a given popula-

tion density, but outside of that area the same species might be regarded as wanted species.

Within this definition nearly every organism in interaction with humans can act as a pest. If

the damage caused by a pest is higher than a threshold level, countermeasures must be taken.

These countermeasures are then called pest management [Hil87].

As humans are in competition with other organisms for plants, intended for human use, hu-

mans must manage these organisms from the beginning of agriculture [THK07]. There are

several ancient reports available describing the occurrence of organisms endangering plants

intended for human use, for example, in the 2nd book of Moses in the Bible, a pest outbreak

with locusts is described [Bib52]. Also, other historical sources describe the occurrence of

organisms harming agricultural yields and the management of them, e.g., the Sumerians used

sulfur as an insecticidal agent to repellent insect pests [Den00, THK07]. The management of

organisms harming agricultural yields has followed human agriculture and related science up

to today. Pesticides are substances that are used to control organisms, such as plants, insects,

nematodes, mollusks, or microorganisms that can decrease the harvest or cause illness or other

negative effects to humans and animals.

At the beginning of commercial agriculture, a change in the methods for pest control could

be observed. In the area of subsistence agriculture, pest control was mainly achieved through

the use of biological and mechanical pest control, the use of resistant varieties, and biologi-

cal pesticides. At the beginning of the Green Revolution in the middle of the 20th century,

increasing yields were achieved through the extensive use of agrochemicals like fertilizers and

pesticides. Pest management was mainly performed through the use of pesticides. Due to the

large impact on nature and health recognized during the last 60 years of intense pesticide use,

a slight shift in pest management has been observed in which a method called Integrated Pest

Management (IPM) is also used; therefore, pesticides are no longer the only method for pest

management, and alternative pest management strategies are also employed [Mat15]. In the

IPM approach, pesticides are regarded as the last option and are only used when an economic

threshold caused by pest damage is exceeded. This strategy helps to reduce the use of pesti-

cides with all its negative implications and also to save money in the agricultural production
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process [Kog98]. Globally, in 2018 around 1.2% of the agricultural land was organic farmland

[WLK18].

During the second half of the 20th century, pesticide induced negative effects on environment

and human health, as described in chapters 2.2.6.3 and 2.2.6.4, became obvious. In commer-

cial agriculture, the methods changed, and mainly synthesized pesticides were used for pest

control. Synthesized pesticides had the advantage that they are cheap and effective [Den00].

However, pesticides are substances that have positive and negative effects: On the one side,

they are tools that are important for productivity in agriculture. On the other side, they are

responsible for environmental and human health problems [Fit02].

Despite the high usage of pesticides, pests are responsible for yield reduction. [Pim09] es-

timate a reduction of about 40% globally, a meta-analysis showed yield reductions between

conventional and organic farming between 13% and 34%, dependent on the cultured crop

[SRF12]. Pesticides are used in agriculture, the public health arena, and other applications in

the household and landscape [fASC14]. In the United States of America (USA), agricultural

pesticide use accounted for about 72% in 2007, private use in home and the garden for about

13% and the governmental and industrial use for about 15% [KDG+04]. In regions with

vector borne diseases, like malaria, west Nile virus or dengue fever, pesticides are also used

to control these diseases by managing the vectors, which are, in these cases, mosquitoes of

the genus Aedes [Ros01]. Additionally, highly toxic pesticides are used for vector control, for

example, in India, Dichloro-Diphenyl-Trichloroethane (DDT) is allowed to be used for vector

control despite its ban in agriculture [vdBZY+12].

The aims of the use of pesticides are to gain the greatest possible harvest or to prevent illnesses

and destruction on the crops [Ste04]. For pesticides, there are different classifications avail-

able. They can be classified according to the organisms they act against. The major groups

of pesticides are insecticides, fungicides, herbicides, nematicides, molluscicides [Cou11], and

rodenticides [Mat15]. Another possible classification is the categorization into biological and

synthesized pesticides [Ste04]. The amount of pesticide used per area is dependent on the

cultivated crop, environmental parameters, and pest pressure.

Pesticides are not sold as the active ingredient itself but as a formulation. A pesticide for-

mulation can consist of at least one active ingredient, the chemical intended to act against

a pest, and additional chemicals, called inert ingredients. Depending on the substance, the

mechanism of an active ingredient can differ. An active ingredient can repeal, kill, mitigate, or

prevent a pest. Other mechanisms of active ingredients are that they defoliate plants, act as
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a plant regulator, or act as a desiccant. Inert ingredients are used to improve the effectiveness

of the pesticide and to get specific product characteristics with the aim of improving product

performance. Some examples of the function of inert ingredients are that they prolong the

durability of the product, they help the active ingredient to get into the plant, or they make a

substance more toxic to an organism. However, an inert substance can also be toxic to humans

and must also be assessed by authorities [(US16]. Pesticides can be formulated as granular,

dust, aerosols, liquids, or powder sprays. The type of the formulation has an influence on the

exposure to the pesticides and on the product’s characteristics, i.e., on the degradation time

[FW05].

The following numbers about pesticide use are not current and are based on the years of

the beginning 21st century to make them comparable with values calculated with a model

described in chapter 11, in which the used input maps and values are also based.

In 2007, pesticides were sold with an estimated value of about US$39,443 million and an

amount of 2.364 Mil t; the largest amount was used in the herbicides group (40% mar-

ket share), followed by other pesticides, including nematicides, fumigants, and sulfur with a

33% market share. Insecticides and fungicides account for about 17% and 10%, respectively

[GDKW11]. In the EU in 2014, pesticides about 0.3959 Mil t were sold, with fungicides

accounting for about 43.7% , herbicides for 33.1%, insecticides for 5% and other pesticides

for 17.8% [otEU16]. In the USA, herbicides account for 47%, insecticides for 8%, fungicides

for 6%, and other for 39% . In the USA, the largest proportion of pesticides is used in

agriculture (62%), followed by home and garden use (22%)[GDKW11]. Pesticide consump-

tion in the USA and EU account together for about 38.5% of global pesticide consumption

[otEU16, GDKW11]. In table 2.3, the applied overall pesticide amount, the agricultural area,

and application rates are listed.

The application rates in the USA and Europe are higher than the average application rate

in the rest of the world. According to Figure 2.2, an increase of about 70% in global pesticide

use in agriculture for the overall pesticide amount can be observed between 2000 and 2024.

Regarding the annual applied pesticide amount in the USA, a decreasing trend between 1995

and 2015 can be observed for the classes of insecticides and multi-use substances; for herbi-

cides an increasing trend is seen, and for fungicides there is also an increasing trend after a

phase of reduction [SBP+21].
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Table 2.3: Pesticide use and agricultural area, sources: a [GDKW11] for the year 2007, b [otEU16] for the

year 2014, c [FD16] for the year 2014, values without a source are calculated from values given in the table

Region Pesticide use Agricultural area Average application rate

tons per year % ha % kg per ha

United States 513920 a 21.7 99924162 c 8.3 5.143

Europe 395944b 16.8 170141510 c 14.2 2.327

Other regions 1453804 61.5 927926999 c 77.5 1.567

World total 2363668a 100 1197992671 c 100 1.973

Figure 2.2: Global pesticide use in the agricultural sector [FD24a] (figure generated with R).

2.2.2 Pesticides in the environment, fate, and their behavior

Pesticides are substances with characteristics that can lead to negative effects to the envi-

ronment. They are toxic to non-target organisms, persistent and can biomagnificate [Fen13].

Released into the environment, chemicals are subject of different transfer, transport, and

transformation processes, with spatial distribution of the chemicals changing within or be-

tween compartments. In a transformation process, the chemical structure of the substance

itself changes. The distribution and spread of chemicals in the environment is determined by

the physical and chemical properties of the chemical and the ecosystem as well as by trans-

port, transfer, transformation, and biogeochemical processes [Fen13]. According to [Fen13],

the concentration of chemicals and distribution patterns can be attributed to the following

factors:
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• input sources, input quantity and input characteristics;

• physical and chemical properties of the substance (i.e., molecular structure, water and

fat solubility, partition coefficients, vapor pressure);

• physical and chemical properties of the ecosystem (i.e., temperature, salinity, pH, sus-

pended solids, sedimentation rate, nutrient cycling); and

• transformation processes (i.e., photolysis, hydrolysis, redox reactions and biotic degra-

dation).

Important transport processes are, for example, advection, diffusion, dispersion, or transport

on particles. Solution in water, sorption to particles, sediments and soil (sedimentation),

votalization in the atmosphere, and atmospheric deposition are counted among the transfer

processes. Transformation processes can be categorized into biotic and abiotic transformation

processes. Abiotic transformation processes are for example photolysis, hydrolysis, and redox

reactions. Aerobic and anaerobic degradation belong to the biotic transformation processes

[Fen13].

An overview about the most important transfer, transport, and transformation processes is

visualized in figure 2.3. Released into the environment, pesticides do not necessarily stay at

Figure 2.3: Fate of chemicals in the environment according to [Fen13] (figure generated with LibreOffice

Draw).
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the point they were entered. Nowadays, pesticides can be found nearly all over the world,

even in regions like Antarctica, where they were never applied [PLN+20]. The reason for this

global occurrence is the tendency of chemicals to spread. The tendency of a substance to

leave a phase is called fugacity [SM98]. The longevity of a chemical in the environment is

called persistence [Gre80].

In section 2.2.5, different uptake routes of pesticides into the body are mentioned, such

as oral uptake due to drinking water or food, inhalation, or dermal absorption through the

air. Due to the mentioned transfer and transport processes and the fugacity, pesticides do

not stay at the location on which they were applied and are influenced by transformation

processes. The tendency of substances to stay or to leave a phase can be assessed by equilib-

rium constants (explained later in this chapter). In a risk mitigation approach, like the one

described in this thesis, and to mitigate or avoid exposure to these pesticides, it is necessary

to know about potential concentrations in the mentioned uptake routes and compartments.

As direct measurements of pesticide concentrations in the different media and uptake routes

need special equipment and are expensive and time-consuming, they are not always afford-

able in a risk mitigation approach in less-developed countries. Therefore, it is necessary to

estimate these concentrations with a temporal and spatial dimension through fate models,

taking into account the different transfer, transport, and transformation processes as well as

agricultural practice, pesticide application patterns, and environmental conditions like soil

type and meteorological data related to time and space. In a multidisciplinary risk mitigation

approach, this would be the task for stakeholders from the field of ecotoxicology.

The exchange of chemicals between the individual environmental compartments is con-

trolled by the tendency of the chemicals to enter into phase transfer processes. The speed

of transfer depends on the physical and chemical properties of the substance and on envi-

ronmental conditions. These exchange processes can be described by equilibrium constants

[PdCdM+16]. By dividing the environment into the main compartments of soil, sediment, air,

water and biota, it is possible to describe the affinity of a chemical to the mentioned compart-

ments with the following parameters: Henry’s Law constant Kh, the n-octanol-water partition

coefficient KOW , the Organic Carbon-Water Partition Coefficient KOC , the octanol-air par-

tition coefficient KOA, the water solubility S [VC93], and the solid-water partition coefficient

Kp [Fen13]. There are also other substance dependent parameters like the water solubility
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S, the molecular weight m, vapor pressure p, type of formulation, half-life t 1
2
, or the GUS

(Groundwater Ubiquity Score) index [PdCdM+16].

Pesticides can also be uptaken by biota, concentrate in fatty tissue, and accumulate along the

food chain. The uptake process of pesticides into biota and accumulation of the substance in a

living organism is called bioaccumulation; the accumulation along the food chain is called bio-

magnification. Biomagnification is responsible for high concentrations of pesticides with the

tendency to bioaccumulate being found in top predators [Kat10]. The mentioned parameters

can be used to estimate the fate of pesticides and resulting environmental concentrations. In

the following part, the meaning of the mentioned parameters is only explained as an example

for two parameters to demonstrate the relevance and their use in a risk mitigation approach;

for the other parameters, further details from [Fen13], [PdCdM+16] can be used.

Water solubility describes the amount of a substance dissolved in water, expressed in mg
L or

ppm. Substances with a high water solubility reach deeper zones in the soil and the ground-

water and tend to go into aquatic ecosystems, such as rivers and lakes [MSL06]. According

to [PdCdM+16], substances with a solubility equal or greater than 30 ppm tend to leach and

have the potential to contaminate ground water.

The mentioned partition coefficients are equilibrium constants, which can be measured in

standard laboratory tests by releasing a chemical into a two-phase system and measuring

the concentration of the chemical in the two phases after establishing an equilibrium [Fen13].

Henry’s Law constant Kh of a substance can be used, for example, to determine the ten-

dency of a substance to votalize and therefore to transfer from the solid or liquid phase into

a gaseous phase. It can be calculated, for example, by Kh =
Cg

Cw
, with Cg representing the

concentration of the chemical in the gaseous phase and Cw the concentration in the aqueous

phase at the equilibrium. Substances with a Kh > 100 Pa
molm3 are votalizing fast from the water

into the gaseous phase, while only slow amounts of substances votalize with a Kh < 25 [SM98].

Besides the mentioned substance related parameters, environmental parameters also play

a role in the fate of chemicals:

Wind direction and strength determine and influence the transport of substances and can lead

to unwanted transport to unintended areas, such as protected areas or from human-settled

areas [MoARA14]. [MoARA14] describes a range of wind speed between 2 and 15 km
h in which

it is appropriate to spray pesticides. Conditions with a wind speed lower than 2 km
h are too

inconstant, with changing wind directions, and have a too long stay of the droplets within
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the air, which is not wished; conditions with a wind speed higher than 15 km
h lead to a too

high drift of the substances. At conditions with higher wind speed, farmers should change

the application patterns to minimize drift, e.g., by reducing the distance between nozzles and

plant or by spraying directly into the canopy [MoARA14].

In addition, temperature and humidity have an influence on the fate and behavior of pesticides.

[MoARA14] recommend not to spray when temperature is higher than 25 ◦C and humidity

is lower than 40% because of relatively high drift loss under these conditions. The high drift

under these conditions is attributed to high evaporation and temperature inversion under

these conditions. Evaporation leads to finer droplets of the agrochemicals.

Furthermore, precipitation has an effect on the fate of agrochemicals. Dependent on the

substance properties, precipitation can lead to the transport of pesticides into surface or

ground water. Precipitation after the application can lead to a wash of the pesticides off the

plants. That means to have the same protection level, a higher amount of pesticides must be

applied [MoARA14]. Additionally, spray-drift and runoff are regarded as important sources

of pesticides in surface waters, with runoff having a higher potential [Sch01]. According to

[CMV+11], soil characteristics, such as organic matter content or pH, also have an influence

on the fate of pesticides in the soil. Organic matter leads to adsorption of pesticides to soil

particles, and the pH of the soil influences the adsorption of ionic chemicals. Agricultural

practice, such as the type of application and the amount applied into the environment, and

the type of formulation of the applied pesticides have an effect on the fate of pesticides in the

environment [Car00].

Landscape also influences the distribution of chemicals in the environment. For example,

vegetated field strips around farm land can help to reduce entry of chemicals into neighboring

surface water by runoff or transport in the air to non-target areas around the farm land

[HED+05, SDH99]. [PdCdM+16] mention temperature and the type of soil also as parameters

influencing the fate of pesticides.

According to [HS01], the quantity of pesticide droplets in the air after application are mainly

influenced by weather conditions (wind speed, direction, humidity, temperature), pesticide

properties (viscosity, vapor pressure), application technique, and attitude, care and skill of

the pesticide applicator.

Pesticide concentrations in the air can in general be attributed to the drift processes after

application. [Mue15] differentiates between three main drift processes: drift of pesticide

droplets evaporated directly after application, drift of vaporized amounts after the application,
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and drift of pesticides bound on soil particles caused by wind.

The results of this chapter help to characterize chemicals and identify the fate and possible

entry path into different ecosystems and environmental compartments, which are used or

consumed by humans.

2.2.3 Human exposure on different levels and uptake routes

Humans are exposed to pesticides in different ways. A distinction is made between occupa-

tional and residential exposure. Occupational exposure happens when agricultural workers

get in contact with pesticides when they mix or apply them or when they get in contact with

products or plants with pesticide residues on them during their work. Residential exposure

occurs when people are exposed to pesticides at their home, i.e., through breathing air with

pesticide residues or eating or drinking contaminated products [FW05]. Human exposure also

happens after pesticides are applied on non-agricultural areas, for example, when they are

applied next to roads or on golf courses [AM14].

According to [AM14], important routes of human exposure are, inter alia, through air, wa-

ter, food and soil and can be divided into oral uptake by ingestion, respiratory uptake by

breathing, and dermal uptake through the skin. After taken into the body, pesticides are

transported by the blood and can be distributed through the human organism; excretion

through air, urine, or the skin can also be observed [DE11].

In the agricultural working process, dermal exposure is very common, especially for pesticide

handlers who load, mix, and apply pesticides or clean pesticide spray equipment [FW05].

However, residues of pesticides on everyday equipment can also lead to uptake into the hu-

man body [BUH+14]. According to [MCK+13], the uptaken pesticide amount is influenced

inter alia by humidity, temperature, type of pesticide formulation, the use of protective cloth-

ing, and how the skin is covered as well as by the duration of exposure and the amount of

pesticides a person to which is exposed. In general, liquid pesticide formulations are uptaken

faster than solid formulations. The uptaken amount is also related to the skin region exposed

to the chemical. For example, the genital area and skin on the head have higher absorption

rates than the forearms or palms [DLSA10].

Oral exposure to pesticides is mainly attributed to the uptake through food and water as well

as through accidental uptake [DE11]. Especially in less-developed countries, groundwater is

an important source for drinking water [NMS+05]. Several studies have shown the presence

of pesticides in groundwater [Mou07, TGLR14, LAL+11] that also exceed the limits set in
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quality standards as proposed in directives for groundwater of the EU [PotEU06].

This behavior was also observed during a field trip in 2015 to the Bajo Lempa region in El

Salvador. Empty pesticide containers and fertilizer bags were not disposed of appropriately;

we recognized some empty pesticide containers lying next to the field. In figure 2.4, an empty

pesticide container formerly containing the substance glyphosate can be seen. Not obvious

in figure 2.4 is that a small channel or ditch is running approximately 10 m away from the

empty pesticide container. Personal communication with responsible people for the water

supply showed that the community is not connected to the national water supply network,

and drinking water is gained from surface or ground water that has potential contamination

from the empty pesticide containers.

The uptaken amount of pesticides by food can in some cultures be higher than the uptaken

amount due to water uptake or air inhalation [JACH07]. Accidental uptake can be often

observed if pesticides are stored in unlabeled bottles or in empty bottles with a different label

[GHS10], if bottles or containers with residues are used for drinking water, or if pesticide

handlers do not follow security measures, like washing their hands after working with pesti-

cides [DTT08]. [TCG+03] reports that missing hand washing is responsible for the transfer

of pesticide residues into the domestic environment.

A lot of pesticide formulations are liquids and sprayed in the agricultural working process,

the pesticides are deliberately released into the environment. Therefore, respiratory uptake

of pesticides plays an important role during pesticide application. Exposure increases with

temperature and decreases with droplet size. Conventional spray equipment, as used in in-

dustrial agriculture, produces relatively large droplets [Ama14]. In several studies, pesticide

residues were found in the urine [KTT+14, CTS+04] and blood samples of pesticide applica-

tors [KSM+10].

In the agricultural workflow, there are different tasks connected with pesticides, and each

task has different potential for exposure. To estimate the exposure on a individual basis, the

task of a person must be known. [FW05] defines different workflow scenarios: mixing, load-

ing, application, flagging of fields when sprayed with airplanes, and other activities, such as

cleaning equipment, etc.[FW05]. Within the group of pesticide handlers, pesticide mixers and

loaders have highest risk because of contact with the undiluted substance, and applicators are

under lower risk [Mat15]. [MA02] analyzed the risk literacy of farmers in Ethiopia and their

knowledge about appropriate methods to avoid pesticide exposure. Only a small proportion

of the farmers had knowledge about the importance of personal protective equipment, such as
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Figure 2.4: Empty pesticide container disposed on a field in the Bajo Lempa region, El Salvador (source:

M. Hieber-Ruiz)

gloves and goggles, partly because the used protective equipment did not fit or was damaged

due to age. Additionally, pesticide application manuals were not read or not understood by

the farmers. Reasons were, inter alia, illiteracy or low education in reading. Additionally,

insufficient hygiene practices when working with pesticides were observed. The importance

of medical treatment and medical checks were not obvious for the farmers as methods to

mitigate the risk caused by pesticide poisonings [MA02].

In the agricultural pesticide handling process, exposure is relatively high compared with ex-
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posure caused by environmental pesticide levels and exposure [DE11].

Yet, not only people working as pesticide handlers are affected by pesticide poisonings. Their

relatives and dependents also have exposure to pesticides. One study analyzing pesticide

exposure of children living in families with parents working in agriculture has demonstrated

that pesticide residues in the household dust of these families are more than seven times

higher than in homes of families without an agricultural background. Furthermore, pesticide

metabolites in urine were significantly higher in children of this group than in the reference

group. A comparison of the metabolite concentration of different pesticides between children

living near pesticide treated orchards and children living far away from such orchards showed

that metabolite concentrations were higher in the first group [LFSK00].

A meta study analyzing non-occupational pesticide exposure of people living near to agri-

cultural land showed that people living near agricultural fields had higher exposure levels of

pesticides than people living in non-agricultural areas. In addition, exposure is higher during

periods when pesticides are applied [DFQD20].

Non-occupational exposure near to agricultural areas is mostly attributed to votalization and

spray drift [FUL+10a]. [DFH+15] also mention take home pathways like residues in clothes

as well as consuming products from treated fields.

Several studies have shown that after or during the application of pesticides on an orchard

they can reach areas outside the treated orchard through deposition [MH86] [MCMT+91]

[FRB+93]. When uptaken in the body pesticides can be detected via biomarkers. A biomarker

is a measurement to detect interactions between a biological system and a environmental

agent. Besides pesticides and other chemicals, such an agent might also be of physical or

biological nature, such as light or a predator. With biomarkers, it is possible to estimate

the exposure of an organism to this agent [Int93]. The metabolized substances and pesticides

themselves can be detected in different organic materials with biological methods or analytical

techniques: organic fluids, such as blood, urine, and breast milk, or in tissue samples, such as

biological samples, fat, or serum [Anw97].

Biomarkers can, for example, be used in the proposed LL approach to evaluate if the devel-

oped method to estimate the exposure of humans to pesticides is in common with reality.

In general, [FRB11] mentions the following factors determining the prevalence of agrochemical

related diseases: the number and frequency of applications, the type of the used formulation,

and the toxicity of the used substance.

In literature, different methods are listed as mechanisms to reduce exposure. A study con-
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ducted in South India showed the success of educational programs related to pesticide han-

dlers. After participating in an educational program, knowledge, attitude, and practice were

improved, resulting in a decreased number of pesticide poisoning cases [SAP+08]. The use

of protective clothing as well as hygiene measures increases within farmers in Bolivia after

they participate in a training course about the proper use of pesticides [JLH+14]. Accord-

ing to [KKC+13], the risk for pesticide poisonings of people working in agriculture increases

significantly if people do not wear protective clothing, gloves, or masks and if people don’t

follow common safety instructions like following pesticide label instructions or spraying pes-

ticide against the wind direction. Additionally, a correlation between the number of pesticide

applications of a person and the risk is observed [KKC+13]. A comparison between a group

of pesticide handlers working under the US Environmental Protection Agency Worker Pro-

tection Standard (WPS), using appropriate and clean working clothes and gloves as well as

proper hand washing after pesticide application, with a group working without WPS methods

demonstrated that the group following WPS had lower levels of pesticide metabolites in their

urine than the other group. However, the analyzed pesticide metabolite levels overall were

higher than in the general population [SBC+08]. According to [SMS+03], there is a relation

between pesticide residues in the homes of people and the amount of pesticide applied in the

surrounding region and the distance of the homes to agricultural fields. Therefore, reducing

the applied pesticide amount and building new homes away from agricultural fields might be

mechanisms to reduce pesticide exposure.

The preceding chapter has shown that there are different exposure routes in residential and

occupational environments. Exposure is higher for people involved in the agricultural work-

ing process no matter how non-agricultural workers are exposed to pesticides. The results

of this chapter can help to identify possible exposure routes and derived exposure reduction

strategies.

2.2.4 Agriculture in less-developed countries, risk groups and factors in-

fluencing the risk

In the following chapter, the characteristics of agriculture and pesticide use in less-developed

countries is analyzed. Additionally, observations that were made during a field visit to a

agricultural community in El Salvador within the LLinES project are presented. The field

trip to the community Ciudad Romero in the Bajo Lempa region in El Salvador took part in

December 2015 (section 2.1.3).
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In less-developed countries, most farmers are so-called small-scale farmers with highly labor-

intensive working processes and less use of machines like tractors. Globally, 90% of all farms

are managed by only one person or family, mainly under small-scale farming conditions. In

less-developed countries a trend can be observed that farm sizes get smaller [Kwa01].

In general, groups with a high risk of being exposed in high doses to pesticides are pesticide

formulators and people involved in the pesticide production process, people working on the

agricultural fields, and people involved in the pesticide application process like pesticide mix-

ers, loaders and sprayers. The risk for people in the pesticide production process is higher

than that of those working in agriculture [ASC09].

According to [GLR99], the grade of education in general and the illiteracy rate are related

to the probability for the occurrence of a agrochemical related negative health impact. This

can be explained by the fact that illiterate farm workers are not able to read and therefore do

not receive important information about the material safety data sheet (MSDS) of the used

agrochemicals. Information given in the safety data sheets for agrochemicals contain infor-

mation about health risks, correct storage of the chemical, protection issues, and application

patterns, such as application rates. In general, they contain the information needed for safe

use of the substance [Age15a].

[NGKD06] reported that Ghanaian cocoa farmers wear little or no protective clothing when

applying pesticides. Money for protective clothing is often not available in poor farming com-

munities. Additionally, protective clothing is not usable in less-developed countries in high

temperature regions due to the temperature risks [Din93]. A lack of training and education in

pesticide and agrochemical use can be observed in many less-developed countries [OCB+02].

Observations during the field trip in the Bajo Lempa in El Salvador confirmed the men-

tioned facts. Agrochemical application workflow is characterized by a strongly labor-intensive

agricultural practice with the use of little or no protective clothing. Figure 2.5 shows some

campesinos applying pesticides on a young corn field. The farmers apply pesticides with a

manual hand pump walking on a line over the field.

Some of the farmers do not have long-sleeved clothes; nobody wears a mask or a towel

over their mouth and nose to protect themselves against the exposure through pesticides.

Through the walk over the field and the use of manual hand pumps, the farm workers are

exposed for a longer time to the pesticide dust than, e.g., when it is applied by a tractor. The

same is reported in other studies, for example, from Pakistan [KSM+10], Mexico [BML11] or

Cameroon [SANN18].
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Figure 2.5: Campesinos in the Bajo Lempa region, El Salvador, applying pesticides with manual hand pumps

and without sufficient protective clothing (source: M. Hieber-Ruiz)

Something similar could be recognized at a field on which farm workers applied fertilizers on

a corn field, as visualized in figure 2.6. They applied fertilizers during a walk over the field by

hand on every single corn plant. They do not wear gloves or anything similar, meaning that

they are exposed to the fertilizer directly through their skin.

[Dev10] found out that there is a general connection between the poverty level of a society

and the misuse and wrong application of pesticides. This confirms the thesis that most cases

of agrochemically induced negative effects can be observed in developing countries where, in

general, the poverty rate is higher than in developed countries.

Other reasons for the high prevalence of agrochemical related diseases in less-developed coun-

tries are a observable lethargy in introducing innovations in terms of agrochemical use and

safety in the agricultural process as well as a lack of legislative pesticide regulations in less-

developed countries [Bul82]. According to [SGKJ21], health issues related to pesticide use

in less-developed countries are often attributed to a wrong assessment of the risk caused by

pesticides, the use of prohibited or illegal pesticides, a lack of pesticide regulation, and a lack

of literacy needed to read and understand the safety data sheets of pesticides.

A lack of pesticide regulations results in partly highly toxic substances that are prohibited in
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Figure 2.6: Campesinos in the Bajo Lempa region, El Salvador, applying fertilizer by hand on plants (source:

M. Hieber-Ruiz)

countries belonging to the EU or the USA being still legal in some less-developed countries

[Eco01].

However, policy options like subsidies for organically produced products, prohibitions of pes-

ticides, and so on can lead to a decreasing use of pesticides [fECoO97]. In some regions of

less-developed countries, pesticides are not used due to an incorrect assessment of the relation

between disease and yield loss, e.g., Ghanaian peanut farmers do not use pesticides on peanuts

because they lack awareness about diseases and yield losses. Pesticide application manage-

ment is sometimes based on an crop calendar, e.g., Ghanaian cocoa farmers [NGKD06].

[Awu97] reported a relatively high effort yet ineffective fungicide management practice in the

wet season of tomato growing due to a high wash off, which is attributed to the high amount

of rain in the wet season. [MQL+14] reports from exposure to pesticides caused by incorrect

disposal of empty pesticide containers, mixing of different pesticides together in one applica-

tion not intended to be mixable, and the use of highly toxic pesticides can be observed in

less-developed countries.

Summarizing, agriculture in general as well as pesticide use, risk perception, and literacy differ

between less- and highly developed countries. Therefore, existing risk and exposure strategies

as used in industrialized agriculture are not directly applicable in less-developed countries and
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must be adapted.

The results of the actual section and of section 2.2.1 can be used to identify risks caused by

pesticides, find steps in the agricultural workflow with exposure to pesticides, and therefore to

derive options of action for risk mitigation in the field of ecotoxicology and pesticides. During

the mentioned field trip to the Bajo Lempa region in El Salvador, some of the potential ex-

posure routes and problems with pesticide use in less-developed countries could be observed,

such as lack of protective clothing and low risk literacy.

2.2.5 Models to estimate the fate of chemicals and human exposure

In the framework described in this thesis, a system is developed that can help people in mak-

ing decisions, e.g., to avoid areas with pesticide contamination in the air or drinking water

contaminated with agrochemicals. Since agrochemicals are released into the environment and

continuous temporal measurements of pesticide concentrations are usually not affordable, fate

and exposure models can help to estimate the temporal and spatial distribution of such pa-

rameters, which can be an appropriate decision support tool.

There are different models available to estimate pesticide concentrations in the environment

or the vulnerability, for example, of ground-, soil, or surface water also used by authorities for

regulatory risk assessment. Additionally, human exposure models are available and used in

risk assessment. Some examples of environmental and human exposure models are introduced

in the following chapter.

According to [ZP12], there are two types of environmental fate models: index-based and

process-based models; both have advantages and disadvantages for their use in a risk miti-

gation context. Index-based models calculate a index describing the risk of, for example, a

groundwater reservoir to be polluted by contaminants. In contrast to process-based models,

index-based models need only few input parameters, and the indexes are easily calculated.

However, only an index of risk is calculated with which it is possible to compare different

compartments in relation to their vulnerability; however, these index-based models do not

calculate concentrations in the regarded compartment. These index-based risk models do not

incorporate the properties of the substances or chemicals and transformation or transport

processes and relevant parameters for these processes, such as the mentioned chemical prop-

erties, e.g., determining if a substance has the tendency to bound on organic compounds or

if a substance has the tendency to be dissolved in water. With the help of such indexes, it is

possible to compare the risk or vulnerability of different locations [ZP12]. In a risk mitigation
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approach, these index-based models can be used to identify locations and areas under high

risk or can help to identify and prioritize water bodies or water reservoirs, where a contamina-

tion might be possible, therefore making further investigations, e.g., by direct measurements

necessary.

The second type of models are process-based models. In these models, transformation, trans-

port, and transfer processes and related parameters are also included [TBVdLV06]. There are

process-based fate models for the different compartments available that calculate environmen-

tal concentrations in single compartments. In the following section, some examples of such

models are presented. However, in a multidisciplinary risk mitigation approach, an evaluation

of such models according to their usability in the regarded region must be performed by an

ecotoxicologist.

For estimating concentrations in surface water, models like PWC (Pesticide in Water Calcu-

lator), which calculates the concentrations in surface water bodies and groundwater after the

application to land surfaces [You16], the PFAM (Pesticides in Flooded Applications Model), a

model to estimate concentrations in water bodies originated by pesticides used in flooded areas

[You13], or the TOXSWA (TOXic substances in Surface WAters) model, a model to estimate

concentrations in sediment and water of surface water courses located near to agricultural

fields [THBVdB16], are available. Another important model to estimate risk for water basins

caused by agricultural pesticide application is called SWAT (Soil and Water Assessment Tool)

[ASMW98]. The recent version SWAT+ has a temporal dimension of 1 day; landscapes and

watersheds can be modeled by implementing the landscape’s characteristics with spatial ob-

jects [BAR+17]. Originally, both models were developed for medium and large watersheds

but were also applied successfully on small watersheds [WGB+24].

A model to estimate bioaccumulation and related concentrations in freshwater fish is the

KABAM (KOW (based) Aquatic BioAccumulation Model) model [Ger09]. A model to esti-

mate deposition caused by different application scenarios is for example AgDRIFT [TBE+02].

There are also multimedia models like PEARL (Pesticide Emission Assessment at Regional

and Local scales), which estimates pesticide concentrations for groundwater caused by leach-

ing in surface water caused by drainage and the persistence of chemicals in the upper soil

[VdBTBVdL16].

The mentioned models and methods are only some examples for existing models usable

in a risk mitigation approach and applied by the United States Environmental Protection

Agency (US EPA). However, there are also models available for other regions in the world,
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such as models for the EU as proposed by FOrum for the Co-ordination of pesticide fate

models and their USe (FOCUS), an initiative of the European Commission to harmonize the

calculation of predicted environmental concentrations (PEC) of active substances of plant

protection products in the framework of the EU Directive 91/414/EEC. FOCUS is based on

cooperation between scientists from regulatory agencies, academia, and industry [FOC21].

However, the FOCUS model tends to underestimate realistic fungicide [KMRS14] and insec-

ticide [KSSS12] concentrations measured in field samples.

Models used in the EU context are, for example, MACRO for drainage modeling in cropped

soil [BBJ01], TOXSWA (TOXic substances in Surface WAters) to estimate the fate of pesti-

cides in surface waters located near to agricultural fields [THBVdB16], or PRZM (Pesticide

Root Zone Model) for run-off modeling [Suá05]. SWASH (Surface WAter Scenarios Help) uses

the results of the three models and manages model outputs to calculate pesticide exposure

concentrations in surface waters in an agricultural context [TRvdBA+15].

There are also multicompartment models available that combine models for single compart-

ments and their outputs to a single model. [LSYS11] developed a multicompartment transport

model consisting of different single compartment models for agricultural, soil, and atmospheric

processes provided by the US EPA. The aim of the developed model is to estimate the tem-

poral and spatial distribution of pesticides on a large scale. With the help of this model,

the authors created, for example, a residue map of the pesticide toxaphene for the USA and

Mexico with a resolution of 36× 36km grid [LSYS11].

However, the mentioned models partly use assumptions for the regions for which they were

developed, for example, for the USA and the EU [FOC00]. For their use in less-developed

countries, they must be adapted to the prevailing conditions in the region on which they

should be applied.

In addition, the concentrations calculated with the described models do not necessarily rep-

resent concrete concentrations that are directly measurable in the environment [FOC00].

Besides the described environmental models, models directly related to human exposure and

health were also developed:

For example, a model to estimate exposure for people located near to an area treated with

soil fumigants is the PERFUM (Probabilistic Exposure and Risk Model for FUMigants) model

[RG06]. SHEDS (Stochastic Human Exposure and Dose Simulation Model) are models to as-

sess chemical exposure in a human population related to inhalation, dietary, and non-dietary

intake as well as skin contact caused by everyday activities like dietary intake or near field
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activities [IGE+14]. [GS05] review different methods for modeling pesticide concentrations in

the air during the application process caused by spray drift.

Standard Operating Procedures for Residential Pesticide Exposure Assessment (Residential

SOPs) are manuals, in which it is described how to model exposure related to residential

pesticide applications like caused by pet treatment or by pesticide use in gardening [(USd].

Furthermore, there are also models available to estimate direct human exposure. For ex-

ample, [FB15] provide a model to calculate dermal exposure. US EPA also provides meth-

ods to estimate exposure caused by occupational activities related to pesticides for pesticide

handlers, like mixers, applicators, and flaggers [(US21a], as well as for people exposed by

post-application activities like hand-harvesting, thinning, or scouting for pests [(US21b]. In

2014, [(EF14] published a guidance document on risk assessment about people involved in the

pesticide application process and bystanders.

There are different models available to model environmental or human exposure. Each model

has its own prerequisite for the use and uses different input parameters. In a risk mitiga-

tion approach, a stakeholder from the field of ecotoxicology must select an appropriate model

with respect to the location where the model should be applied, the model prerequisites, the

complexity of the model, and the available input data. Additionally, the adaptation of the

mentioned models to the local environmental conditions in less-developed countries might be

a task in a risk mitigation approach.

2.2.6 Effects for public health and ecosystems caused by pesticides

The last sections dealt with the use, fate, and exposure modeling of pesticides. In the following

section, pesticide-induced effects on ecosystems and humans and how they are interconnected

in the one health approach are explained.

2.2.6.1 One Health approach

The One Health concept is based on the idea that human health, animal health, and ecosys-

tem health are interconnected. The One Health Initiative wants to bring together physicians,

veterinarians, environmental researchers, and other health-related scientists to work together

to improve the conditions for human health. The preponderance of publications on the theme

of One Health deal with infectious diseases and their pathways from animals and wildlife to

humans [Ass08].

Other environmental factors besides infectious diseases, like exposure to toxicants, heavy
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metals, or pesticides are a main cause for diseases and death in developed and less-developed

countries, and the number of people affected by these diseases or resulting death are higher in

less-developed countries. The WHO sees the following as key factors for diseases and death

in the sense of the One Health approach: lead exposure, polluted water, urban air pollution,

indoor smoke produced by heating and cooking, climate change, and unintentional poisonings

by toxic chemicals and pesticides. Unintentional poisonings are, according to the WHO, re-

sponsible for 355,000 death cases each year, with 60% of the cases occurring in less-developed

countries. The reasons for the poisonings are inappropriate use and high exposure to these

substances [Org15a]. Nevertheless, in this sense, less scientific work has been done about toxic

exposure in animals and the consequences for human health in the past [But11].

There are many examples of how environmental health and contamination with chemicals

or other toxins influences human health; for example, consumption of with methylmercury-

contaminated food caused death and illnesses in several cases [MR06]. The first documented

cases of illness and death caused by mercury-contaminated seafood was observed in Japan in

1956 [Aro05]. Several other cases are documented, e.g., in the 1990s, through the consumption

of whale meat in the Faroe Islands [GWJ+92].

Pesticides have an strong impact on the health of people. The preponderance of people affected

by pesticide-related illness, poisoning, or death are agricultural workers or those involved in

the agricultural production process who are exposed directly and acutely to pesticides. How-

ever, there are also indications that pesticides have an impact on people who are not indirectly

exposed to pesticides and have a long-term chronic exposure [J+90]. [WHY09], for example,

found that there is a relation between the time of high pesticide concentrations in surface

water bodies and the occurrence of birth defects.

These examples show how tightly the ecosystem health and human health are connected, and

how important the One Health approach is. Thus, for the assessment of the risk to human

health caused by pesticides, it is also important to examine the ecosystems and their contam-

ination.

2.2.6.2 Hazardous effect of pesticides: toxicity

Risk caused by pesticides is dependent on the exposure and the toxicity [Fen13]. The word

toxicology has its origin in the Greek language and is derived from the word “toxikon”. It is

defined as a “science within human medicine that describes the effect of poisons on human”
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[Ste04, p.9]. Toxicology analyses both the toxicokinetics and toxicodynamics. Toxicokinetics

describes the type and velocity of the uptake of a substance, distribution in an organism,

metabolism, and excretion of a substance, whereas toxicodynamics describes the interactions

between the substance and molecular structures of the cells and the organism and the mech-

anism of the toxic effect [Fen13].

A poison or toxicant is defined as “any substance that causes a harmful effect when admin-

istered [...] to a living organism” [HL04, p.3]. Whether a substance can lead to harm for an

organism and consequently is a poison depends nearly for all substances on the uptaken dose,

as Bombastus von Hohenheim and Paracelsus formulated as ”All substances are poisons; there

is none which is not a poison. The right dose differentiates a poison from a remedy“ [LK06,

p.498]. For example, there are essential elements like copper, iron, or zinc that are toxic in

high doses but are also essential in low doses for humans. This explains why the dose-response

relationship is so important in toxicology [HL04].

Toxic effects can be reversible, e.g., through the regeneration of the damaged cells, or ir-

reversible, e.g., through mutagenicity or mortality [Fen13]. Toxic effects can be lethal or

sublethal, for example, behavioral effects or reduced reproduction or growth rate [DDD07].

Ecotoxicological endpoints are measured in standard laboratory tests in which organisms are

exposed to different predefined substance concentrations, the resulting effects on the organisms

are measured, and a resulting dose-response relationship is obtained. Toxicological endpoints,

such as the No Observed Effect Concentration (NOEC) or LC50 can consequently be derived

from the dose-response relationship [Rit10]. Toxicity to humans cannot be directly measured

due to ethical concerns. Human toxicity values are often derived from toxicity values for

mammals [(USc].

In reality, organisms are mostly exposed to more than one substance resulting in mixture

toxicity. Substances can interact with each other and the organism with different effects:

antagonistic, additive, or synergistic [Ced14]. However, risk assessment is based on single

compounds. A short overview about human and ecotoxicological risk assessment is presented

in section 3.2.

On the molecular level, there are about seven principal mechanisms in which pesticides

react with biomolecules in an organism. According to [Ste04], the typical toxic biochemical

mechanisms in a cell can be described with the following reactions:

• Inhibition of enzymes: the function of an enzyme or protein is inhibited by the substance.
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• Disturbance of chemical signal systems: substance imitates a signal substance in the

organism (agonist) or blocks the receptor for a signal substance.

• Generation of very reactive molecules: free radicals are produced which can destroy

cellular components.

• Degradation of the pH gradient across membranes: production of energy in mitochondria

is disturbed.

• Distortion of the physical structure of membranes: change of the physical characteristics

of membranes.

• Disturbance of the electrolytic, osmotic balance or the pH.

• Destruction of tissue, proteins or Deoxyribonucleic Acid (DNA).

The toxicity of an agent is also dependent on the species exposed to the agent [Fen13]. e.g.,

some pesticides, such as pyrethroids, are very toxic to arthropods and fishes but less toxic to

endotherms, such as mammals [Bör09].

This chapter demonstrated how substances like agrochemicals can act on organisms and which

mechanisms lead to hazardous effects. This can be used, for example, to estimate the risk of

agrochemicals in an LL approach.

2.2.6.3 Effects of pesticides on human health

Pesticides are substances not intended for direct contact with the human organism. However,

due to the exposure pathways demonstrated in section 2.2.3, they can enter the human body

and trigger different diseases or negative health effects, such as CKD. The following provides

some examples of pesticide-induced negative health effects.

The type and the strength of the influence of pesticides on human health is substance spe-

cific. There are pesticides with a high impact on human health but also substances or groups

with a low impact [KEKK21]. Not every human organism reacts in the same strength to the

exposure to a pesticide. The reaction depends, e.g., on the metabolism rate of the organism

or on the repair process of the DNA [Vai95].

There are different pesticide-caused effects discussed in literature: [VHS+91] have reported

detections of disorders of the skin, cardiovascular, respiratory, and nervous systems, as well

as disorders of sensory organs, headache, sickness, disturbed electrical activity of the brain,
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altered liver enzyme activity, and reduced lung function after exposure to insecticides. In-

creased abortions were observed in people exposed to pesticides [RRR87, RMD+90].

Neuronal diseases are also associated with the exposure to pesticides. [PC13] reported that

the exposure to pesticides is a risk factor for the occurrence of Parkinson’s disease. The car-

cinogenic characteristics of 12 pesticides allowed in the USA and Canada were reported by

[WMC10]. An increase in the number of people who have lung cancer [ARB13, MMWZ88,

GSMS11], skin cancer [FBH11], cancer of the lip and testis [WDHE89], and pancreatic cancer

[AS12] is discussed with high pesticide exposure.

Glyphosate, a widely used herbicide, has an influence on kidney function through oxidative

damage to the kidneys [LNLV12]. The relation between respiratory pesticide uptake and the

presence of chronic obstructive pulmonary disease (COPD) was observed [YBMS13]. A re-

view study from Brazilian farm workers who were occupationally exposed to pesticides showed

different pesticide-related health symptoms like neurological and neurodegenerative effects, di-

abetes, DNA damage, or metabolic diseases [LFMBL+22]. However, not only can the active

substances used for pest management harm the human organism. The active ingredients of

pesticides are not sold on their own. The active ingredients are sold as formulations that

means that other substances, such as emulsifiers, solvents, and carriers, are mixed with the

active substance. These other substances can have also toxic characteristics for organisms

[Anw97].

As mentioned earlier, pesticides may have adverse effects on human health. This means that

in a capitalistic perspective, they lead to economic impacts. Depending on the strength of

the negative health effect, people whose health is damaged may not able to work or may not

have the same power to work like people without any limitations, thus they may not be as

efficient as healthy people, get lower wages, and must pay for healthcare [ASJB11].

The examples listed in this chapter show that some substances belonging to the group of

pesticides can harm the human organism with a strong impact. A reduction to the exposure

of pesticides can help to increase the health of people – in cases other than of CKD and

its possible relation to pesticides. Therefore, the focus of this thesis lies on pesticides and

agrochemicals.

2.2.6.4 Ecological problems caused by pesticides

Pesticides are substances which act direct against living organisms like insects, plants, fungi,

or other organisms. This effect is desirable on target sites, but they also have a strong effect
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on non-target organisms. Several negative effects of pesticides on different ecological levels to

aquatic and terrestrial ecosystems can be observed. In the following chapter, some examples

of negative effects on biodiversity are demonstrated.

Besides their toxicity, some pesticides have characteristics that make them harmful for ecosys-

tems, such as persistence and potential to bioaccumulate. Persistence means that they have

a long half-life and remain a long time in the environment until they are degraded. Bioac-

cumulation means that these substances are fat soluble and accumulate along the food chain

in fat tissues, leaving high concentrations in top predators putting them at the highest risk

[MRB+13]. Pesticides that are persistent and bioaccumulating can also be detected in regions

of the world where they were never applied [WM96]. Pesticide residues can be frequently found

in air [SDTR+16, ZKPS+22] water [MRK+15, HA08], and soil samples [CHKW+17, VFV05].

In literature, there are several examples of negative effects on living biota caused by pesticides

on every ecological level – from the decline of single species [HM08] up to the at least temporal

destruction of parts of whole ecosystems [BH97]. Rachel Carson’s book Silent Spring [Car62]

brought the negative effects of pesticides on the environment to the attention of the general

public for the first time. In her work, she describes the possible negative effects of pesticides

giving the example of the DDT induced decline of griffin population.

Examples of negative effects can be found in both aquatic and terrestrial wildlife.

In general, insecticides used in agriculture can be a threat to surface waters [SS15] and

pesticide-induced reduced biodiversity of aquatic invertebrates can be observed [BKSL13].

On the terrestrial side, a decline in biodiversity caused by insecticides and fungicides on Eu-

ropean farmland can be observed [GBB+10]. Furthermore, the worldwide decline of the insect

population can be attributed to pesticides, among other factors [SBW19]. The reduction of

the breeding success of booted eagles is also attributed to pesticides [PBM+23]. Pesticide

mixtures are also a risk for soil invertebrates [PvGV+22].

The effects of pesticides on species and ecosystems can be direct or indirect. Direct effects

are aimed at the vital functions of the organism. They can be reversible, e.g., through repair

processes, or they are irreversible, e.g., mortality. While local effects occur at the site of con-

tact with the chemicals, systemic effects only occur after the pollutant has been distributed

elsewhere. Indirect effects are only caused secondarily as a result of ecological interactions,

e.g., predator-prey relationships, and ecosystem characteristics. They are also ultimately at-

tributable to direct effects on organisms [Fen13].

To prevent negative effects on ecosystems caused by pesticides there are different approaches
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for substance regulation. Persistent Organic Pollutants (POP), a group of substances with

characteristics such as high bioaccumulation potential, tendency for being mobile, and high

toxicity [RSF+95], are considered particularly hazardous pesticides and chemicals and are

listed in the Stockholm Convention on Persistent Organic Pollutants, resulting in their re-

striction for production and use [otSC23]. The present chapter showed that pesticides enter

ecosystems and have strong effect on them. Humans are interconnected with ecosystems, for

example, they drink water from a river and eat fish or wildlife and fruits. Therefore, ecosystem

health also plays an important role in the described LL approach.

2.2.6.5 Pesticides and their benefits

Despite the negative effects of pesticides mentioned in the last chapters, they also have ben-

eficial effects.

Pesticides help to increase economic welfare by controlling pests and plant diseases and conse-

quently minimizing yield loss. For example, [WHP22] analyzed the consequences of pesticide

use on crop yield output of six main plants in USA and Canada. The mean increasing yield

lies between 16 and 84%. According to [Pim97] each dollar spent on pesticides yields a $4

return through a protected or increased crop yield. On the other side, [LBB+14] have investi-

gated the effect of pesticide use intensification on social, environmental, and economic factors

in different cropping systems in France. They could not find a positive correlation between

pesticide use intensity and profitability and productivity. However, economic analysis is more

difficult because the costs for ecosystem and human health degradation must be implemented

in an economic analysis to calculate the total cost of ownership for society.

Pesticide use results in higher agricultural production and lower food prices [Dam09]. Besides

quantity, pesticides can also have an effect on the quality of the produced crops, e.g., crops

are not damaged by an insect or fungi and can be sold to a higher price [SLZ+07].

Outside of agriculture, pesticides, and biocidal products are used in the private sector in

home and garden, in the commercial sector as, for example, wood preservatives, municipal

sectors to control traffic areas, or parks, and for vegetation control on railroad tracks and golf

courses [Sat01]. Additionally, pesticides and mainly insecticides are used in many tropical

and subtropical countries to control vectors that are responsible for vector-borne diseases like

malaria, leishmaniasis, dengue, and other vector-borne diseases [vdBZY+12].

Summarizing, besides the negative effects described in chapters 2.2.6.3 and 2.2.6.4, pesticides

are substances that have their benefits in agriculture and healthcare for vector control.

50



CHAPTER 2. CKDU, PESTICIDES, RISK, AND THE SITUATION IN
LESS-DEVELOPED COUNTRIES

2.3 Chapter conclusion

In the present chapter, a characterization of CKDu was performed and potential risk factors

were identified. One of the suspected risk factors is pesticides, although there is no clear

evidence. The focus of this thesis is set on the risk factor pesticides because, besides CKDu,

they are harmful to humans and ecosystems. Even if they are not the cause for CKDu, a

reduction in pesticide exposure might help humans or ecosystems to resist other stressors

better, which might be the cause for CKDu.

Additionally, the methods for determining the stage of CKD were explained, which in turn

can be used in the described LL approach to determine the success of the implemented and

applied risk mitigation strategies.

Furthermore, the general characteristics of less-developed countries as well as agriculture and

pesticide use practices in these regions were elaborated. They are characterized by low eco-

nomic and infrastructural resources, high manual-labor-intensive work, and a lack of education

and risk literacy. These characteristics must be considered in different tasks in the used ap-

proach, e.g., for the adaptation of possible risk mitigation strategies (part III), the adaptation

of the used research and development environment (chapter 5), or the adaptation of methods

for generating a SDSS (chapters 15 and 18).

Pesticide use and fate, as well as fate and exposure modeling, and the risks and benefits

caused by pesticides were analyzed. The results help to identify potential pathways where

risk mitigation strategies can be implemented in the described approach with the given char-

acteristics.

Summarizing, results of this chapter help to adjust methods necessary for the described ap-

proach to the characteristics of countries affected by CKDu.
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3 | Risk and risk assessment

One of the aims of this thesis is to develop risk mitigation strategies. To mitigate risk, it is

essential to have a proper definition of risk and how it can be assessed.

3.1 The term risk as it relates to pesticides

Following some definitions of risk are introduced and discussed, including how they can be

used in the developed framework.

3.1.1 Introduction to the term risk and some definitions

There are several definitions for the term risk. Nearly each scientific field has its own definition

[Thy06].

The following is a definition for the term risk that is mainly used in disaster management:

Definition 3.1.1 (Risk) Risk R is defined as the probability P of an adverse event E times

the consequences or impact I if the event happens

R(E) = P (E) · I(E). (3.1)

[FHLL05]

However, in natural disaster risk assessment, there are also risk definitions used that exam-

ine only the probability of a predefined impact or endpoint (”risk is defined as the probability

that an event will occur“) [Thy06] or on the impact of the event (”risk is defined as the ex-

pected number of lives lost, people injured, damage to property and disruption of economic

activities due to a particular natural phenomenon“) [Tie92]. Definitions given by [Thy06] and

[Tie92] can be regarded as special cases of the definition given by [FHLL05]; the first one uses

a predefined impact, for example, ”number of people suffering from the disease“ – the second

negates the probability or sets it to one.
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To demonstrate the outcome of the definition above, it is assumed that the risk of two vol-

canoes, A and B, on the forests around them should be assessed. With a GIS analysis, it is

possible to estimate how many trees would be destroyed if both volcanoes erupt. The GIS

analysis results show that volcano A would destroy 50 trees and volcano B 200 trees. A

geologist assumes the probabilities of eruption in the next 10 years for volcano A about 0.5

and for volcano B about 0.1.

Therefore, the risk for both volcanoes can be calculated as follows:

R(A) = P (A) · I(A) = 50 · 0.5 = 25 (3.2)

and

R(B) = P (B) · I(B) = 200 · 0.1 = 20. (3.3)

The example shows that the risk for volcano A is higher than for volcano B, although fewer

trees are destroyed by an eruption. This can be attributed to the much higher probability for

an eruption.

Regarding human health risk, for example for CKD, the definitions above have some limi-

tations. The risk of a person suffering from CKD could be, for example, expressed as the

probability that the person will develop CKD. With this definition, the stage of CKD is not

considered. On the other side, the personal impact could be expressed as the stage of CKD.

There is the question if the risk values are comparable.

The interpretation of the calculated risk values and whether they can be used as a value to

compare the risk of the person is a task that must be answered by a stakeholder from medical

science in an LL approach. Additionally, the related impact must be selected by the stake-

holders. Another possible impact parameter could be, for example, the amount of money

necessary to treat the CKD stage in a medical facility. Using the risk definition proposed by

[Tie92], risk could also be estimated by the number of people suffering from CKD per area.

Risk can be further differentiated into the individual risk and the social or population risk.

The individual risk is related to the probability for a single organism to cause a defined ad-

verse effect. The social or population risk is further associated with the number of organisms

that suffer an adverse effect and the frequency with which this effect occurs [Ill02].

The individual risk in the framework of agrochemicals has an individual component that is

influenced by personal health parameters and can be calculated individually for each person.

The risk to suffer a given negative effect can also be related to a specified area, e.g., the risk

for a community. This value describes the aggregated risk over the community population.
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Definition 3.1.2 (Aggregated Risk) The aggregated risk over an area Riskarea with i =

1, ..., n events is defined as the sum of the products of the probability P (Ei) ∈ [0; 1] and the

impact I(Ei):

Riskarea =

n∑
i=1

P (Ei) · I(Ei) (3.4)

The difference between individual and social or population risk can be illustrated with the

following example:

A field was treated with pesticides by airplane. Directly after the application, substance

residues are still in the air with a specific concentration, and people or farm workers are

working for a specific duration on the field. In case A, only three people work in the field, in

case B ten people work on the field for the same period of time as in case A. When ignoring

the individual health history of the farm workers, in both scenarios the individual risk is the

same because of the same concentration and the same exposure duration. The individual risk

for a person working in the field to suffer an adverse effect can be described as, e.g., 30%. The

social or population risk in case B is higher than in case A because more people are affected

by the adverse effect.

The difference of these two risk concepts is also important for this thesis. A value for the

individual risk is used in a personal SDSS, e.g., the change in the value for the individual risk

for different routes with the aim of suggesting the user a route through a field with the lowest

exposure and therefore with the lowest risk.

The social risk and derived maps are relevant parameters for logistic optimization or for

authorities to determine in which regions intervention is necessary. To define the social risk,

we must multiply the probability that a person suffers death or a illness times the people of

living in this area.

As this thesis deals with the risk caused by pesticides or agrochemicals, an ecotoxicological

risk definition is also presented. According to [Thy06], the chemical risk is mainly associated

with the terms event, hazard, and probability.

Definition 3.1.3 (Hazard) Hazard is defined as the “inherent property of an agent (e.g.,

pesticide) or situation having the potential to cause adverse effects when an organism, system,

or (sub-) population is exposed to that agent or situation” [SFH+06, p. 2108].

The hazards of pesticides are hazards for human and ecosystem health. The WHO uses the
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Table 3.1: Classification of pesticides according to the WHO [Org10]

WHO class LD50 for rat

(mg/kg body weight)

Dermal Oral

Ia Extremely hazardous <50 <5

Ib Highly hazardous 50-200 5-50

II Moderately hazardous 200-2000 50-2000

III Slightly hazardous >2000 >2000

U Unlikely to present acute hazard >5000 >5000

classification theme given in Table 3.1, based on the toxicity values for rats.

The hazard caused by chemicals for the different organisms can be expressed as the toxicity

of the substance. The toxic hazard for an organism or an ecosystem caused by a specific

chemical or pesticide is related to the exposure.

Definition 3.1.4 (Toxicity) Toxicity is defined as the “capacity to cause injury to a living

organism defined with reference to the quantity of substance administered or absorbed, the way

in which the substance is administered and distributed in time (single or repeated doses), the

type and severity of injury, the time needed to produce the injury, the nature of the organism(s)

affected, and other relevant conditions” [SFH+06, p. 2143].

Definition 3.1.5 (Exposure) Exposure is defined as the “concentration or amount of a pes-

ticide (or agent) that reaches a target organism, system, or (sub-)population in a specific

frequency for a defined duration” [SFH+06, p. 2100].

The exposure is defined by a certain amount of the chemical and the frequency and the

duration the organism or ecosystem is exposed to the chemical.

In the sense of pesticides or chemicals, risk is defined as follows:

Definition 3.1.6 (Risk probability) The risk is defined as the “probability of an adverse

effect in an organism, system, or (sub-) population caused under specified circumstances by

exposure to an agent”[SFH+06, p. 2134].

This risk definition is again related to the definition above with a probability and an impact or

adverse effect. However, when applying the definition proposed by [SFH+06] to a agrochemical

framework, there might be the problem that it is hard to estimate the probability of an
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adverse effect because it can only be done by medical experts with expertise in effects of

agrochemicals on the structures of living organisms. Additionally, knowledge about previous

health history and possible previous damage is also essential in order to make statements

about the probability of negative health effects. This might be a difficult task in an LL

approach in less-developed countries, where resources are limited.

A more appropriate definition for the agrochemical related risk is provided by the US EPA:

Definition 3.1.7 (Risk in risk assessment) The ecotoxicological risk for organisms can be

described by the following equation:

RiskUSEPA = Toxicity · Exposure (3.5)

[(USa]

In this sense exposure is a value expressing the amount of a substance to which an organism

is exposed, e.g., a fish in a river is exposed to 5 µg
l to a substance for 10 minutes. The toxicity

value is a value derived from laboratory, semi-field, or field studies, describing a concentration

with a specific endpoint, e.g., how high the concentration is to kill 50 % of the test organisms

in 10 min exposure or what is the concentration that does not have an effect on the organisms.

According to definitions 3.1.4 and 3.1.5, toxicity is related to the substance S, exposure to the

exposed amount d, the duration of exposure t and the frequency of exposure f . Therefore,

Definition 3.1.7 can be rewritten as:

RiskUSEPA(S, d, t, f) = Toxicity(S) · Exposure(d, t, f) (3.6)

The equation makes it clear that the risk associated with agrochemicals depends on the sub-

stance used S and the quantity d, exposure duration t and frequency f of exposure. These

are parameters which must be adjusted to mitigate the risk.

Ecotoxicological risk and toxicity assessment, methods to determine risk and toxicity, and

their limitations for the described LL approach in developing countries are highlighted in

more detail in the following section 3.2.

3.1.2 Discussion of the relation between the risk definitions

In the last section, different definitions of the term risk were presented. A risk definition

used in disaster management relates the probability of an adverse effect to the impact of
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the effect. However, there are also risk definitions related to disaster management in which

the risk is expressed only with the probability of an adverse effect or the number of people

suffering from the negative effect. [Tie92] also distinguish between the individual risk, e.g.,

the personal probability to suffer a negative health effect, and the social risk, e.g., how many

people suffer a negative effect in a specific area. Another risk definition that was introduced in

the last chapter was the ecotoxicological risk definition as proposed by the US EPA, whereby

the agrochemical risk is related to exposure and toxicity.

It is difficult to handle the disaster risk definition for individual spatial decision support. The

probabilities of an adverse effect can be only rated by medical experts with knowledge about

personal health history. Maybe a framework that can be solved through the use of a expert

system with fuzzy rules, as introduced in section 16.2.

However, definition for a social risk can be used, for example, by authorities or in the proposed

LL approach to identify areas under high risk, for example, by estimating the probability of

suffering from a disease or the number of people per area suffering from the disease.

In the field of an SDSS for personal support, the definition proposed by [(USa] is further used.

In this definition, risk is determined by the product between exposure and toxicity. Therefore,

to mitigate the individual risk, toxicity or exposure can be reduced. As toxicity is a value

related to the substance, reducing toxicity means using a less toxic pesticide. As exposure is

related to the amount of a substance an organism is exposed to as well as the exposure time

and frequency, reducing exposure means reducing the amount, time, or frequency of exposure.

In the present chapter, the different risk definitions were discussed for their use in an SDSS in

an LL approach. The following chapter deals with how the risk for humans and ecosystems

can be assessed and managed.

3.2 Risk assessment and risk management

In the following chapters a general overview about human and ecological risk assessment

of pesticides is presented. In the EU and USA, there is an authorization requirement for

plant protection products. In order to place a chemical substance on the market, a risk

assessment must be carried out that includes risk assessment for humans and ecosystems.

Risk assessments for chemicals are subject to different authorities, such as the European Food

Safety Authority (EFSA) or national regulatory authorities for countries belonging to the EU

and US EPA for USA. An authorization is not granted until it is determined that there is no
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unacceptable risk caused by the substance [GJRS24].

3.2.1 Human risk assessment

Part of the authorization process for pesticides is the risk assessment.

Definition 3.2.1 (Risk assessment) Risk assessment is defined as a “process intended to

calculate or estimate the risk to a given target organism, system, or (sub-) population, includ-

ing the identification of attendant uncertainties, following exposure to a particular pesticide

or agent of concern as well as the characteristics of the specific target system. It is the first

component in a risk analysis process“ [SFH+06, p. 2134].

How legal risk assessment must be performed is established in different acts and regulations.

For the EU, regulations about the assessment of whether a pesticide is safe or not can be

found in Regulation (EC) No 1107/2009 [Com09], and for the USA, it is found in the Federal

Insecticide, Fungicide, and Rodenticide Act [Tou20].

Human risk assessment is used to estimate an acceptable dose of exposure, so that no neg-

ative effect on human health can occur. Before pesticides are used in the USA and EU, a

risk assessment must be performed. Pesticides are not allowed to be used until their safe use

is assured [oPR13]. That means that no adverse health effects should occur through the use

of pesticides after permission. In reality, this is not the case, and despite the conducted risk

assessment and compliance with application rules, pesticide-induced negative health effects

are observed in the USA. Observed negative health effects can be reported to the US EPA,

and pesticides can be reevaluated [Cen13].

According to the US EPA, the human health risk assessment is a process in which the prob-

ability of occurrence and the nature of negative health effects caused by the exposure to

pesticides is estimated. Thereby, the type of health problems, the possibility of occurrence

of different health effects dependent on the exposure level, threshold for acceptable doses or

concentrations without risk, prediction of the exposure concentration or dose and the dura-

tion, vulnerability, and exposure probability of different groups of people are estimated and

analyzed [(USc].

According to the US EPA, risk assessment for human health consists of four steps; for each step

there are guidelines in which the procedures are described: hazard identification, dose-response

assessment, exposure assessment, and risk characterization [oPR13, (USc]. An overview of

the different steps and how they are connected with each other can be taken from figure 3.1
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Figure 3.1: Overview of the different steps in the US EPA risk assessment for pesticides and human health.

Source:[(US13b] (figure generated with draw.io).

In the hazard identification step, the toxic properties of the chemical are reviewed, e.g., the

type and the strength of the negative health effect and if the exposure to these stressors can

increase the incidence of these effects [oPR13]. Mostly, controlled clinical studies on humans

are not available due to ethical concerns [(US13b]. Several studies have shown that chemicals

that cause negative health effects in animals also cause such effects on human health [(US91].

Thus, animal laboratory toxicity studies (e.g., on rats, mice, dogs, and monkeys) are used.

There are different guidelines available in which it is described how toxicity studies must be

performed, for example, as provided by the OECD. These test guidelines describe the con-

ditions under which the tests must be performed, e.g., temperature, duration, test organisms

etc.

The expected exposure level at which predefined effects occur and the expected level where

negative effects do not occur are also determined [oPR13]. Research about the toxicokinetics,

the toxicodynamics, and the mode of action are involved in this process [(US13b]. This step is

needed to clarify whether from an agent, harmful effects can be expected and the conditions

under which these harmful effects can appear [(USc].

The second step is the dose-response assessment. For a non-linear dose-response correlation

through animal laboratory studies, the highest dose where no significant effect against a non-

treated control group occurs is determined, the No Observed Adverse Effect Level (NOAEL)

[(US13a].

The use of animal toxicity data for human health risk assessment implies some uncertainties.
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Therefore, a uncertainty factor of ten is mostly used to extrapolate the no effect dose from

animals to humans. Additionally, the difference between human beings is considered, and it

is assumed that the most sensitive human is ten times more sensitive than a standard human

being. Thus, the overall uncertainty factor is 100 and is considered in the risk characteri-

zation. With the help of the NOAEL, which is derived from animal studies, the reference

dose (RfD) or reference concentration (RfC) is calculated by dividing the NOAEL by the

uncertainty factor. The RfD or RfC are defined as the ”daily oral exposure to the human

population (including sensitive groups, such as asthmatics, or life stages, such as children or

the elderly) that is likely to be without an appreciable risk of deleterious effects during a

lifetime“ [(US13a].

In the third step, called exposure assessment, the magnitude, the way of exposure (e.g., in-

halation, ingestion or dermal absorption), the frequency, and the duration (acute, chronic) of

the human pesticide exposure is examined [oPR13]. It must be evaluated e.g., which groups of

people are exposed to the pesticides, the number of people in these groups that are exposed,

do the exposed groups exposed have higher vulnerability, and the type and frequency of the

exposure for the different person groups. With this information, the human uptake over time

is estimated [(US92].

For agricultural workers, it is assumed that they wear clothing with long sleeves, long trousers,

shoes and stockings, and protective gloves [(US21a]. In relation to the application technique,

the exposure assessment and the level of exposure is estimated according to different applica-

tion scenarios, such as ”open pour mixing/loading liquids,“ ”open cab groundboom applications

of liquids,“ or ”Closed cab airblast applications“ [(AH13].

In the last step of the risk assessment, the risk characterization, a quantified statement about

the risk assessment can be given. The values gained from the dose-response assessment and

from the exposure assessment are compared with each other. For example, in the risk as-

sessment for a farmer who is using pesticides, a value for the expected dose to which he is

exposed is compared with the No Observed Effect Level (NOEL) from an animal laboratory

study by calculating the ratio between the NOEL and the expected exposure dose. This ratio

is compared with an uncertainty factor (mostly 100) to be on the protective site that no

negative effect can occur [oPR13].

The results of the risk assessment are surveyed from the relevant authority, and it is de-

termined whether the risk is acceptable. If the risk is unacceptable, a risk management is

started. In the risk management process, it should be analyzed whether and how the risk can
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be mitigated, e.g., through the reduction of the exposure level [oPR13]. If the risk assessment

shows that there is a too high risk, the authority can enforce rules about the handling or the

application of the pesticide [(US92].

3.2.2 Ecotoxicological risk assessment

Besides the assessment of human health risks, an ecological risk assessment also must be

performed in the EU and USA.

For example, in the EU, ecological risk assessment consists of aquatic and terrestrial animal

and plant toxicity testing as well as environmental fate testing must be performed. This

includes toxicity tests for birds, non-target insects, mammals, aquatic animals, and tests on

non-target plants [Com09].

Toxicity tests are performed under standard conditions with predefined test parameters like

duration, toxic endpoints, concentrations, test medium, and used organism. Test guidelines

are, for example, available through the OECD [fECoO24], EU [Com24] or US EPA [(USb].

An example of a test guideline in the EU is the Guidance document on aquatic ecotoxicology

in the context of the Directive 91/414/EEC [Com02]. According to this guideline, the risk

for organisms caused by the application of pesticides is assessed by the comparison of the

toxicity of the used component and the probable exposure concentration of an organism.

The ratio between these values is called Toxicity Exposure Ratio (TER). For the assessment

of the toxicity standard, toxicity tests, for example, laboratory tests, are used to determine

toxicological endpoints like the lethal concentration where 50% of the individuals of the tested

organisms die (Lethal Concentration (LC)50), or the lethal dose where 50% of the individuals

of the tested organisms die (Lethal Dose (LD)50). The exposure, for example, for aquatic

organisms, is determined by calculating a so-called Predicted Environmental Concentration

(PEC).

TER =
toxicity

exposure
=

LD50

PEC
=

LD50

cwaterbody
(3.7)

To assess if the application of a pesticide can cause an acute risk for a certain species, the

ratio between the toxicity, in this case the LC50, and the exposure (PEC), is compared with a

safety factor. If the ratio between the toxicity and the exposure is less than the safety factor,

there is an acute risk for the tested species; if it is equal or greater than the safety factor

there is no acute risk [Com02]. According to [Com02], in the case of the risk assessment for
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aquatic organisms, the safety factor is determined as 100:

TER < 100 : acute risk (3.8)

and

TER ≥ 100 : no risk (3.9)

PEC is calculated with different models and scenarios and software tools. For example in the

EU the model developed by the FOrum for the Co-ordination of pesticide fate models and

their USe (FOCUS) are used to estimate the PEC for sediment and surface waters [Com11].

Toxicity testing and exposure assessment is a tiered approach in which the uncertainty and

hence the safety factor can be decreased with more realistic studies, such as mesocosm and

field studies, or more realistic exposure and fate models.

3.2.3 Mixture toxicity

In reality, mixtures of different pesticides can often be observed in the environment. These

mixtures are not regarded during the legal pesticide risk assessment. However, in the pro-

posed agrochemical risk mitigation framework in developing countries such mixtures might

be observed in the environment.

To compare the effects of different pesticides and related concentrations in the environment,

the concept of toxic units (TU) was introduced by [Spr70]. In this concept, the concentration

of a pollutant i in the environment is related to the toxicity of the regarded substance:

TUi =
ci

ECxi
[JBF+06] (3.10)

In the equation above, ci represents the concentration of substance i, and ECxi represents

a toxic endpoint of substance i, for example, the effect concentration EC50, concentration

where a 50% effect can be observed.

The combined toxicological strength of a mixture is calculated as:

TUmix =
n∑

i=1

TUi (3.11)

whereby n is the number of toxicants in the mixture [JBF+06].

The above equation uses the assumption of interaction additivity; however, antagonistic or

synergistic effects can also happen when different substances are mixed [HBW21].
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3.2.4 Pesticide legislation in developing countries

According to [SGKJ21] and [Eco01], health issues related to pesticide use in less-developed

countries are attributed to the use of prohibited or illegal pesticides and missing pesticide

regulation.

[SGKJ21] reports that the pesticide registration process in Kenya is one of the strictest in

African countries. However, the authorization process is limited to analyses about the effi-

ciency and purity of the substance; human and ecological risk assessment are not part of the

registration process.

[ST12] analyzed the progress in the ratification of the Rotterdam Convention for 139 countries

in relation to the countries’ income group. In 2010, in the majority of the low- and low-middle-

income countries, the use of substances listed in Annex III of the Rotterdam Convention was

completely unrestricted. In more than 80% of the high income countries, restrictions were

made for one or more of the listed substances.

Furthermore, ecological risk assessment has limitations in some of the less-developed coun-

tries. [CMW+14] analyzed the status of aquatic risk assessment in Latin American countries.

Realistic exposure scenarios for Latin American countries are often missing. Additionally, in

international standard test guidelines of the OECD, local species are not used as test organ-

isms. Adaptation of these guidelines to the environmental conditions in these countries is

necessary.

The pesticide registration process is often less strict in developing countries than in developed

countries, resulting partly in a large number of registered substances [BP17].

3.3 Chapter conclusion

In the present chapter, different definitions of risk were introduced. In an LL approach, they

must be selected according to the topic and the domain on which they work. For example,

the social risk definition proposed by [Tie92], expressed as the number of people per area

suffering from CKD, can be used in the LL approach to identify areas of concern.

However, this risk definition has some limitations in the framework of personalized decision

support. For the SDSS developed in the following chapters, the risk definition used in legal

risk assessment is more suitable. This definition relates risk to the toxicity of the substance

and to the exposure level. As exposure is related to the amount of a substance an organism

is exposed to as well as the exposure time and frequency, reducing exposure means reducing
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the amount, time, or frequency of exposure. Reducing toxicity means to use a substance

which is less harmful. Therefore, risk mitigation strategies in the proposed LL framework, as

developed in part III, must work on these parameters.

Pesticide authorization and related risk assessment is well regulated in countries belonging to

the EU and in the USA. However, limitations in the used models can also be observed and are

discussed [KMRS14, BP17]. Adaptation of the used models and standard laboratory tests to

the environmental characteristics in less-developed countries are missing but necessary. Addi-

tionally, human risk and exposure assessment as carried out in developed countries cannot be

applied directly to developing countries. For example, the exposure scenarios used assume the

use of protective clothing or tractors, which is not always the case in less-developed countries

(section 2.2.4), resulting in higher exposure levels.

Therefore, involvement of stakeholders that are connected to the pesticide authorization pro-

cess might be necessary in the LL approach.
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The following chapter introduces methods from mathematical modeling and shows how math-

ematical modeling is implemented in the proposed LL approach.

4.1 Mathematical modeling and system analysis

This thesis deals with the problem of a disease of unknown etiology in less-developed countries.

One of the aims of this thesis is to describe methods with which it is possible to mitigate the

risk caused by the disease. For different reasons, it is necessary to develop mathematical

models, e.g., to predict the severity of a disease or to estimate the best fitting risk mitigation

strategies. Therefore, principles of mathematical modeling and how they can be used in the

context of an LL are described in the following sections.

As the etiology of the disease and the effectiveness of the risk mitigation strategies are not

directly known and must be analyzed, a useful tool can be to work with models, whereby the

models should describe CKDu with the hypothesized etiology and risk mitigation strategies.

The following section gives an overview about how the described problem can be regarded as

a system and how mathematical models can be derived from.

First, the term system must be defined.

Definition 4.1.1 (System) A system S is a set of objects, also called system components

or system variables, between which there are relations [IK13].

A schematic representation of a system is visualized in figure 4.1. Relations between the

objects are called inner relations. A system can consist of different subsystems which are

again in relation to each other. The analysis of a system by the classification and analysis of

the subsystems is called reductionism. Understanding the subsystems and their interactions

can help to understand systems that are not completely understandable. System modeling

has the aim of building simplified images or models of a complex system, whereby the main

function of the system should be visible. That means that a system modeler has always to
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walk on the edge between the complexity of a system and the oversimplification [IK13].

A system S consists of a set of different system variables {V1, V2, ...}, which are connected

by inner relations. S has a boundary to the surrounding environment, which is called system

boundary B. System boundary does not mean that there is no interaction between the en-

vironment and the system. Such interactions between the system and the environment are

called outer relations. However, in most cases, the influence of the system to the environment

is negligible, as the environment is much larger than the system. Overall, a system can be

understood as a theoretical construct that helps to understand the world. There is no abso-

lutely valid system boundary; the selection of the system boundary is related to the research

question [IK13].

To analyze a system, it must be visualized. Such a visualization is called a model.

Figure 4.1: Schematic representation of a system according to [IK13] with system variables S1 and S2 , an

inner relation between V1 and V2, and outer relations between the system and the environment as well as

between the environment and the system. (figure generated with LibreOffice Draw).

Definition 4.1.2 (Model) A model is a concept with which a system can be represented in

a simplified way [IK13].

The visualization of a system can be in different ways, for example, a town planner builds the

model of a town with small objects, representing streets, buildings, trees, etc. Systems can

be, for example, also visualized by words and sentences. The method used in this thesis is to

visualize systems with mathematical tools with the aim of building a mathematical model.
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In scientific literature, there are different definitions for the term mathematical model avail-

able.

Definition 4.1.3 (Mathematical model I) A mathematical model is a projection or rep-

resentation of a natural or artificial original that is limited in relation to the mathematical

attributes that appear as relevant for the model builder. In this sense, mathematical models

are subjective and cannot be assigned uniquely to the original [Rei16].

Regarding this definition, a mathematical model is an abstraction of a problem taken from

reality, whereby only factors or input variables are taken that are suspected to have a relevance

for the outcome value of the model. The decision of whether a parameter is relevant is

undertaken by the model builder and should satisfy scientific requirements. The process of

developing a mathematical model is called modeling.

[GV14] gives a more precise definition in terms of mathematics:

Definition 4.1.4 (Mathematical model II) A mathematical model E is an object (S,Q,M),

whereby S is a system, Q a question regarding S and M a set of mathematical propositions

M = {Σ1,Σ2, ....,Σn}, which can be used to answer Q [GV14].

A model should help to understand the function of a system, whereby the complexity of the

real-life system is reduced. A model helps to answer questions and to solve problems that exist

in the system. With a model, it is possible to perform simulations of the modeled system.

The best model is the easiest model that can solve the task or problem. This approach helps

to reduce the complexity in a system and can help to understand the important mechanisms

of a system [GV14].

Definition 4.1.5 (Model building) The process of the implementation of a concrete prob-

lem or system from applied science into a well-defined mathematical system is called modeling.

The aim of modeling is to find a meaningful problem formulation from which conclusions and

solutions for the underlying problem can be derived [EGK08].

Models are developed and improved in a dynamic process, called modeling cycle.

Definition 4.1.6 (Modeling cycle) A modeling cycle is a possibility to describe the process

that is executed during solving a modeling task [Rei16].
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In scientific literature, different types of modeling cycles are described, e.g., in [CAL11] ,[Gei11]

or [GE11]. In this thesis, the modeling cycle described by [BL05], as visualized in Figure 4.2,

will be further used. The modeling cycle consists of two parts, one belonging to the sphere of

Figure 4.2: Modeling cycle according to [BL05]. 1: Problem understanding , 2: Simplifying/ Structuring, 3:

Mathematization, 4: Working mathematically, 5: Interpreting, 6: Validating (figure generated with LibreOffice

Draw).

mathematics and one belonging to the rest of the world. The rest of the world in this sense

means, a situation outside of mathematics, e.g., in applied science, from where the problem

origins and for which the model should be build. The two parts, mathematics and rest of the

world, are connected in two directions. One connection describes the mathematization of a

real world problem, whereby mathematical tools are used. The second connection between the

rest of the world part and the mathematical part describes how results from the mathematical

model are used, interpreted, and validated with results from the real world [BL05].

The modeling cycle starts with a real-life situation for which the modeler wants to build

the model. The modeler must understand the problem and analyze the relevant factors to

describe the real-life situation. First, a situation model is built that is only valid for a concrete

situation. By structuring and simplifying, a real-life model is developed. In the next step,

the real-life model is mathematized and translated into a mathematical model with which

a modeler can work and simulate the system, and through which, mathematical results are

gained. The mathematical results are then interpreted and compared and validated with real-

life results. If the deviations between the mathematical results are too large as derived from
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the model and real-life results, the modeling cycle starts again with the aim of improving the

model. The modeling cycle is run through until the model has the desired characteristics.

The modeling and simulation scheme proposed by [GV14] goes a little bit more into detail

about how an initial model can be developed before it is improved during the modeling cycle.

According to the modeling and simulation scheme proposed by [GV14], the initial phase of

developing a model starts with definition phase in which the problem that must be solved or

the question that must be answered must be defined. Additionally, the system or the segment

of reality underlying the problem or question must be defined. The second task is system

analysis, whereby the parts of the system which are relevant for the modeling approach are

identified [GV14]. After that, the modeling cycle with the phases modeling, simulation, and

validation starts.

According to [IK13], to develop a model, first the underlying system must be defined by its

system variables, and the system boundary and by defining inner and outer relations.

4.2 Chapter conclusion

As described in chapter 2.1.1, this thesis deals with a disease of unknown etiology. The

severity of the disease can be measured with medical tools. In the scientific literature, differ-

ent parameters determining the risk and severity of the disease are described with different

hypotheses of the etiology. However, direct causalities between the CKD stage and the men-

tioned suspected risk factors have not yet been found. CKD is a severe problem in some areas

of less-developed countries with high mortality rates.

One of the aims of this thesis is to develop a SDSS for a disease with an unknown etiology.

To give spatial decision support, it must be understood what the relevant parameters are

that determine the grade and severity of the disease and how these parameters interact. The

mathematical methods and algorithms that can be used to find such structures and interac-

tions behind the disease are part of chapter 16.

As mentioned earlier, a model is related to a system. The stage of CKD, for example, ex-

pressed with parameters like the GFR, and related risk factors and related risk mitigation

strategies can be understood as system variables Vi within a system SCKD. The inner re-

lations of the system must be approximated and described with mathematical methods like

mapping or logical expressions. Inside the system boundary are all relevant parameters or

system variables located that are necessary to describe the progress of CKD. Since until now
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there is no direct causality found between risk factors and the progress of CKD, the system

is not understood as a whole. Therefore, the system SCKD is only a preliminary system that

changes over time with possible new scientific findings. One way to identify the different ver-

sion stages of the CKD system would be to label the system with a version number SCKDver

To find mathematical expressions or mathematical models for inner relations in the system

SCKD as well as to adapt risk mitigation strategies, the modeling cycle described in the

previous chapter can be used. Inner relations in this sense means mathematical expressions

describing the relationship between the stage of CKD, possible risk factors, and risk mitiga-

tion strategies.

A research and development environment to find and evaluate such inner relations in a user-

centered real-life approach is described in the following part.
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5 | A research and development environment in

the described framework

5.1 Introduction

As described earlier, this thesis deals with a disease of unknown etiology in less-developed

countries with a focus on the suspected risk factor of pesticides. In the previous chapters, the

characteristics of pesticide use and challenges with risk assessment and pesticide regulation

in less-developed countries were presented. The results show that risk mitigation strategies

must be developed and adapted to the characteristics of people living in rural areas in less-

developed countries. Therefore, a research and development environment usable in rural

areas in less-developed countries in the described framework is required, and a workspace

for innovation in the field of agrochemical related risk mitigation strategies and SDSS can

be developed and evaluated in a collaborative, multidisciplinary, and open approach. In

this environment, experts or stakeholders from different disciplines work together with local

community members, with each of them delivering a own set of tools and knowledge related

to possible risk mitigation strategies.

The research and development environment should contain the infrastructure for a workspace

for an open and multidisciplinary group of experts and community members where innovations

in the field of agrochemical-related risk mitigation strategies can take place. For example,

it can be equipped with meeting rooms, offices, or workshops where stakeholders can meet

or develop technical innovations, collect and identify possible risk mitigation strategies, test

the application of the offered risk mitigation strategies, and improve them in a user centered

approach.

Additionally, it might serve as an environment with the necessary IT infrastructure to collect,

store, deliver, and process data related to risk mitigation strategies. In this framework, it

is necessary to collect personal data about users as well as observations about agrochemical
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use. With this information, it is intended to use an SDSS and propose the best-fitting risk

mitigation strategy to the user, and the user can then give feedback about the applicability of

the proposed risk mitigation strategy. This information is used to improve the decision-making

process in a learning task. Overall, the environment should contain an IT infrastructure with

which it is possible to collect, store, process, and deliver data from and to the user while

keeping the last mile gap in mind [Sha06].

In order to increase the efficacy of a risk mitigation regime, it can help to support the decision

making of the community members with an SDSS. In the framework of this thesis, an SDSS

is developed that learns from the feedback of the users. In most cases, such an SDSS can be

regarded as an algorithm and is implemented in an ICT system [Kee03]. Therefore, in the

environment itself, computing units and related IT infrastructure, such as a data center, are

required.

The environment should also serve as a place for sensors for measuring possible risk parameters

and their temporal and spatial extent and to evaluate the success of possible risk mitigation

strategies through user feedback or by measuring the physical parameters of the user. In the

described framework, sensors are needed to determine the temporal and spatial dimension of

risk parameters, to evaluate the success of new or further developed risk mitigation strategies,

and to measure physical parameters related to the regarded disease.

Summarizing, a research and development environment is required in which stakeholders

and community members can work together and bring their expertise into a research and

development cycle, where risk mitigation strategies can be – similar to the described modeling

cycle – developed, applied, evaluated and improved in a user-centered real-life approach. The

effectiveness and environmental parameters necessary for the selection of the suggested risk

mitigation strategies are tracked by sensors. Sensors can be, e.g., a physiological survey,

such as blood parameters sampled by medical personnel, answers from the user about how

helpful the risk mitigation strategy was, or measurements of environmental parameters like

temperature or humidity to select the right time for a pesticide application.

In the following sections, requirements for such a research and development environment are

determined, and a resulting environment for the described approach is presented and adapted.
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5.2 Requirements for a research and development environment

A research and development environment with the overall aim of developing and validating

solutions in order to mitigate the risk caused by agrochemicals in a rural area in a less-

developed country is required for the approach described in this thesis. The present chapter

deals with the environment itself, possible risk mitigation strategies and their adaptations are

described in chapter 9, the development of a SDSS in order to inform the users about the best

fitting risk mitigation strategy is described in chapter 18.

Derived from the previous chapters, the research and development environment needed for

the described approach must meet the following requirements:

• (R1.1) Infrastructure for a workplace and space for a research and devel-

opment environment: The research and development environment should be con-

structed in a way that risk mitigation strategies in the field of agrochemicals can be de-

veloped and scientifically evaluated that are usable in poor rural areas in less-developed

countries. A digital SDSS is proposed to support the user’s decision in selecting fitting

risk mitigation strategies. They are proposed in relation to personal parameters such

as health history and literacy and general parameters such as availability and applica-

bility. In the environment, different experts work together with community members

in a real-life environment, for example, in the community itself. Risk mitigation strate-

gies are further developed in a collaboration between experts and community members

and tested, evaluated, and adapted in the test environment. The workplace must be

equipped with the necessary infrastructure to operate an LL, e.g., meeting rooms, work-

shops, and IT infrastructure.

• (R1.2) Multidisciplinary approach with a network of experts: This thesis deals

with a disease of unknown etiology. To investigate the etiology and success of possible

risk mitigation strategies and the disease’s relations to potential risk factors, experts

from different disciplines must work together. At the beginning of the research and

development process, experts from different disciplines offer a set of tools for possible

risk mitigation strategies from their disciplines in an initial knowledge base (part III).

These risk mitigation strategies are then developed further during the research and de-

velopment process in collaborative work between the experts and community members.

• (R1.3) Low-cost methods: CKDu is mostly recognized in rural areas in less-developed
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countries. As described in section 2.1.2, financial resources and income are low in such

regions [Lal16] . Therefore, the research and development environment itself must be

constructed using a low-cost approach, and research about and development of risk mit-

igation strategies should be low-cost to make them affordable for poor rural community

members.

• (R1.4) Long-term approach: This work is intended to investigate a chronic disease.

Chronic effects are long-term effects [Fen13]. To investigate the success of possible risk

mitigation strategies, it is necessary to monitor medical user parameters also for the

long term. Therefore, duration of the research and development environment must also

be set for the long term. The conditions for long-term collaboration must be manifested,

e.g., through contracts or memoranda of understanding.

• (R1.5) User-driven innovation process: Users or community members have a good

knowledge about which risk mitigation strategies are applicable for them, e.g., because of

aesthetics and social restrictions, or they know how an existing risk mitigation strategy

must be adapted to be applicable [SQB09]. Therefore, community members function as

co-creators, i.e., they are directly involved in the development process of a risk mitigation

strategy, and they give feedback about its applicability.

• (R1.6) Open innovation process: To increase the benefits, the created innovations

and results should be open for everybody to make them also usable in other regions

with a structurally equivalent problem. Therefore, open licenses should be used for

the developed solutions and research outcomes. By applying this concept, the created

solutions can be used for free and adapted to the needs in other regions. Open also means

that the group of stakeholders is open for interested stakeholders who can contribute to

the project goals and agree to the project agreements.

• (R1.7) Situated in a real-life environment: The agricultural production process

and the use of agrochemicals affect most people living in rural areas in less-developed

countries in their everyday lives and not merely the people involved in the agricultural

production process [Bry03]. To test the success and applicability of the SDSS and in-

vented or further developed risk mitigation strategies, research and development should

be done under realistic conditions to obtain the best results in a real-life environment.

Besides the mentioned requirements on the used methodology, the following requirements
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can be stated to the location or to a pilot region:

• (R1.8) Political and governmental conditions: In the proposed research and devel-

opment environment, data about agrochemical use and about the health status of people

living in a less-developed country are sampled and used. Analysis in project use-cases

have shown that it is not always politically desirable, especially for foreign stakeholders,

to sample data about a possible misuse of agrochemicals and a non-optimally operating

healthcare system. However, the will to implement risk mitigation strategies and data

from governmental stakeholders, e.g., the location of healthcare facilities, is required.

Therefore, it might be necessary to involve political stakeholders in the innovation pro-

cess.

• (R1.9) Location in a safe area: The research and development environment should

be set in a real-life environment with realistic conditions in a pilot community. Prob-

lems with violent crime can be often observed in rural areas in less-developed countries

[GN16]. A community in which a research and development environment can possibly

be installed should be situated in an area in which stakeholders can work safely. The

community must be also reachable for stakeholders that are not directly located in the

rural area of the test community.

• (R1.10) Community willing to work on the problem’s solution: The research

and development environment should be located in a pilot community with an existing

awareness of the problem and in which the community members are willing to work in

the research and development process with external stakeholders. During the research

and development process, community members must deliver personal data in order to

improve and evaluate the success of risk mitigation strategies. Because of the use of

sensitive personal data, trust between the stakeholders and community members must

be created. During the innovation process, community members might have additional

work and expense from data sampling and delivery and nonoptimal working prototypes

[OLH+13]. Despite these additional expenses, community members should have the will

to collaborate in the innovation process, e.g., through highlighting the benefits of the

developed innovations [DBM10].

A possible research and development environment meeting the mentioned requirements is

described in the following section.
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5.3 A Living Lab as research and development environment in

the proposed framework

In short, a research and development environment is needed in which solutions and innovations

are developed in a real-life context by the involvement of different stakeholders together with

community members as co-creators. Stakeholders deliver a knowledge base of tools and expert

knowledge into a research and development cycle. A concept for a research and development

environment that fits to the most requirements described in the previous chapter is called LL.

In the following section, the theoretical background for the concept of an LL is introduced

and its limitations in relation to the requirements are discussed.

5.3.1 The theory of a Living Lab

One possible methodology fitting the requirements listed in section 5.2 is called LL. The

concept of an LL is based on the theory published by [HSBK10] and [ENK05]. According to

them, an LL can be considered as a system and an environment. It is a concept that refers to

research and development methods intended for the development and validation of services

and products. This is done in cooperation between actors from different disciplines, henceforth

called stakeholders, from areas such as industry, politics, academia, or the local population,

who live under realistic conditions in the living and working environment [Gee11].

Stakeholders and community members deliver possible solutions to a problem from their

discipline; these solutions are analyzed according to their applicability, acceptance, and ef-

fectiveness. If possible, the offered tools and solutions can be adapted and improved or new

solutions can be developed in a research and development process. In the center of this process

are the users – in the described framework local community members – for whom a solution

should be developed. Users can decide which solution is applicable and affordable for them.

They also have the best knowledge about the concrete problem and situation and can deliver

relevant information about how the offered solutions can be improved. Developed solutions

also must meet the demands of the users, such as comfort and aesthetics, and they must agree

with their lifestyles [SQB09].

An LL is constructed in the environment in which the process or service that shall be improved

or developed takes place, e.g., at home, in a community, or in a factory. An LL can be seen

both as an environment where research is carried out and a research methodology [Gee11].

According to [ENK05], an LL can be understood as a user-centered method for the acquisi-
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tion, prototyping, validation, and development of complex solutions in multiple and evolving

real-life contexts. The consumer or user is involved in the development process as a co-creator.

The development process in an LL is characterized as an open innovation process whereby

development and research are organized in a collaborative way between the stakeholders. Fur-

thermore, the participation of each stakeholder in an LL is voluntary and open for everybody.

Therefore, an LL can be regarded as an open innovation network [BPD05]. Despite the open

and voluntary character of an LL, one or more stakeholders can take on leadership positions

in the innovation process, which is due to by a higher work intensity of a stakeholder. Despite

the more active role of one or more stakeholders, all stakeholders have the same power and

rights [LWN12].

The development process in an LL can be described in a so-called innovation cycle, which is

visualized in figure 5.1.

Figure 5.1: An example of an innovation cycle within an LL, according to Marlien Herselman, unpublished

(figure generated with LibreOffice Draw).

The innovation cycle is a process in which possible innovations and tools are collected

and evaluated according to the characteristics needed for the problem-solving strategy, e.g.,
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applicability, financial effort, or effectiveness. In the next step, the strategies can be applied

in a test environment and evaluated. After the evaluation, it is possible to discuss further

improvements. In the following step, the improved methods are evaluated, and the cycle con-

tinues. The whole process takes part in the stakeholder group together with the community

members.

Within the LL approach and the innovation process, sensing of parameters, e.g., change of

human behavior or resource use or feedback from stakeholders, take a key role. Smart tech-

nologies, e.g., smartphones, can be used to quantify and to sense these issues to sample data

and to validate the success of the task developed in the LL. The interaction between technol-

ogy, change in human behavior and the environment, and its feedback loops can be studied

under realistic conditions. Therefore, it is an innovation and development environment that is

usable for investigating and developing methods for a more sustainable living, among others

[vTK17]. According to [vTK17], smart techniques using augmented reality (AR), cloud-based

services, and the network of connected physical devices have the highest potential to make

living more sustainable. Besides data sampling, the use of ICT in the LL approach also has

additional functions. It helps to organize and connect the different stakeholders and share

common ideas.

[LWN12] mention four types of LLs that are differentiated by the most active role of a stake-

holder in an LL: utilizer-driven, enabler-driven, provider-driven and user-driven LL. Each

type has different characteristics related to organization, coordination, and structure. In a

utilizer-driven LL, companies try to improve and develop products for the commercial busi-

ness of a company; an enabler-driven LL is mostly organized by public-sector actors with

the aim of finding solutions for societal needs. They are used to find solutions for social and

structural problems in a specific region or urban area. They are often managed and struc-

tured by educational institutions and have a low influence of commercial companies, so that

the development process takes place close to the user. The desired outcomes are solutions to

improve everyday life for the community members as well as increasing cooperation between

the stakeholders. A provider-driven LL is initiated by educational institutions with the goal

of improving research methods and theories. A user-driven LL is initiated by the users or a

user community with the goal of finding solutions for a problem in the users’ everyday lives

and less for the product development for a company. Such LLs are organized by the bottom-

up principle in which leadership by one stakeholder is not obvious and the organization is

informal. In this type of LL, the stakeholders deliver tools for the users to solve the existing
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problem. Such tools can be financial resources, knowledge, or simply advice. Information

about the users, their behavior, and everyday life are collected and used in the development

process [LWN12].

In general, sensed and sampled data in the LL approach can be used to gain insights into the

living patterns of the community members and validate the developed products to use them

to make fast decisions and inform community members [vTK17]. According to [BKHS09], the

success of an LL is dependent on five key elements: continuity, openness, realism, empower-

ment of users, and spontaneity.

Continuity in the work in the LL is relevant, as trust must be built between the external

stakeholders and the LL inhabitants or community members. Community members give in-

formation about their daily lives, health, and life histories to the pool of stakeholders. This

data contains sensitive and intimate data. To deliver it to a person outside of the circle of

friends or well-known people, trust is needed. This trust can only be built by continuous work

over time.

Openness means that the innovation cycle should be open for people from different disciplines

to watch the process from different perspectives to develop solutions acceptable from different

points of view. It is also important because people working in this field but not originally

part of the project can also report their experiences to the LL.

Realism means that the work in the LL should be under realistic conditions to find real-life

solutions suitable for everyday life.

Another relevant point is the empowerment of users. They must bring their experiences into

the innovation process and must decide which solutions are suitable for them in their daily

work. The involvement of users in the development process is a point in which the LL concept

differs from other common concepts.

In the framework of an LL, spontaneity means that spontaneous user reactions are detected

in order to involve the wishes and desires of the users, societal and social needs into the de-

velopment process.

There are different motivations for participating in an LL. Using new technologies and chang-

ing behavior in the development process can be regarded as costs for the users or community

members [OLH+13]. To accept these costs and inherent additional work and expenses, a

benefit must be obvious to hold motivation in participation high. The highest motivation for

participation can be found in projects where a win-win situation for both the stakeholders and

the community members can be achieved. Such benefits can be, for example, gaining data
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for scientists, improving a method or a product for industrial stakeholders, and improving

a specific problem for political institutions and authorities. Some obvious benefits for the

community members might be a possible improvement of the problem and monetary savings

through an improved process or product [DBM10].

Several LL have been established. Research about and with LL started in the 1990s, with the

first starting in an academic project by students to investigate problems in a real-life situation.

Following this, the concept LL was often used to investigate smart homes. Currently, LLs are

used in different tasks to prototype, validate, and refine developed solutions [LWN12].

In 2006, the European Network of Living Labs (ENoLL) was founded and now consists of over

300 accepted LL. ENoLL describes the concept of LL as a realistic test and experimentation

environment where users and producers are co-developing innovations [oLLE24].

LLs in Southern Africa were combined to a network called Living Labs in Southern Africa

(LLISA). Part of the network LLISA is Siyakhula LL, located in the Eastern Cape, which

can serve as an example of successful, established LL that operates in research, development,

and training in the field of electronic telecommunications for rural communities [GTT+12].

LLs are designed for the investigation of information and communication technologies and

their application in rural areas of less-developed countries is emerging and established [Her11].

Although LLs are currently widely used, a transfer of the LL concept to decision support with

the aim of minimizing risks and where ecotoxicology, medicine, and agricultural production

process are interconnected has not yet been carried out. LLs related to the agricultural pro-

duction process exist [Haa10, HK+08]. However, the aim of these LLs is to develop new

agricultural methods for industrialized agriculture but not with the goal of developing risk

mitigation strategies related to the use of agrochemicals, as described in this thesis.

5.3.2 A Living Lab in the proposed framework and adaptations

The introduced concept LL meets large parts of the requirements listed in section 5.2. Re-

quirements (R1.2) multidisciplinary approach with a network of experts, (R1.7) sit-

uated in a real-life environment, (R1.5) user-driven innovation process, and (R1.6)

open innovation process are core parts of the LL concept [HSBK10, Gee11]. Therefore,

the concept LL is used as a foundation for a research and development environment in the

following scientific analysis for the described framework. The implementation and necessary

adaptations to the case of a disease with the focus on the suspected risk factor pesticides are
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discussed in the following sections.

5.3.2.1 Open community approach and open source

In the framework proposed in this thesis, risk mitigation strategies and a related research

and development environment should be developed that are usable in rural areas in less-

developed countries. In chapter 2.1.2, the socioeconomic situation in less-developed countries

with limited financial resources were described. The used and developed solutions should meet

requirement (R1.3) and should be free of charge to be affordable for people with limited fi-

nancial resources. In the case of ICT solutions, there should be no license costs. Therefore,

the used and developed ICT solutions are developed as open-source solutions to be free of

license costs. This implies also the right to modify, redistribute, and use developed products

like maps and IT solutions in other similar projects.

The research and development environment is accompanied by scientific research and scien-

tific publications. To gain the greatest benefit, the outcomes of the scientific research should

be available for other communities dealing with the same or a similar problem. Therefore,

publications about the research and development process should be in the field of open access

journals.

The research and development environment should work with a user-centered and open inno-

vation approach (R1.6). An open community is used because of two reasons: First, everybody

interested in the development of risk mitigation strategies should have the ability to contribute

in the open community to bring their experience into the development process and adapt to

other application scenarios with different requirements and constraints. On the other side, an

open community is also required in which community members work as co-creators together

with a network of professional stakeholders (requirements (R1.6) and (R1.2)).

In the following section, the theoretical background of open source and the open community

approach are highlighted.

One option to fulfill requirement (R1.2) with regard to the use and development of IT com-

ponents and software can be the use and development of open-source software.

The Open Source Initiative is a public benefit and non-profit corporation and was funded

as a result of a strategy meeting about open source in 1998. It provides a broadly accepted

definition about how open-source software is defined and promotes the use of open-source soft-

ware, supports in the building of open-source communities, and educates about open-source

software. It also approves and reviews licenses if they adhere to the open-source definition
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[Ini13].

According to the definition of the Open Source Initiative [Ini14], software is labeled as open

source if the following conditions are fulfilled:

• There must be ”Free Redistribution”, meaning it can be freely shared.

• The source code of the software is available.

• The license must allow modifications of the software.

• ”Integrity of The Author’s Source Code”.

• There can be no discrimination against people, groups, or specific working fields.

• The licenses attached to the software apply for every person using the software.

• The license must not be specific to a product, e.g., independent from a software distri-

bution.

• There can be no restrictions on other software by the license.

• No provision of the license may be dependent on a specific technology or a specific type

of interface.

The most important and widely used licenses approved by the Open Source Initiative are for

example the Apache License 2.0, the GNU General Public License (GNU GPL) or the Mozilla

Public License 2.0. Most of the software used for and in this thesis are under the GNU GPL.

In section 17.4, possible open-source software solutions are listed that can be used for the

operation of an LL in the described approach.

Both ethical and practical issues are mentioned as reasons for people to use and develop open-

source software. There are many advantages of open-source software over free or commercial

software [GBD00]. For the described approach, open-source software is used for the following

reasons:

The software can be used for free. This helps to minimize operating costs for the LL and re-

lated software necessary for a SDSS or for risk mitigation methods. Also, software tools used

in a crowdsourcing approach as described in chapter 6 can be used for free by the community

members.

The software tools developed for risk mitigation strategies can be distributed for free and can
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be used by other people who work on similar projects, e.g., on CKDu in another country. The

available source code can be accessed and modified, which helps to save development costs.

Additionally, there is a large community working in the field of open-source software. For

example, help and software support is often conducted via the internet and the open-source

community itself. Costs for commercial support can therefore be saved.

Through the use of open-source software it is possible to let scientists and other people work-

ing in the field of risk maps or risk mitigation strategies participate in further development

of the generated software tools. They can modify the software to their needs.

Overall, the use and creation of open-source software allows a greater number of people to

participate in the risk mitigation approach described in this thesis.

The openness of the open-source concept can also be related to communities.

With the development of the internet, a new collaborative working kind was created: the

virtual community. A virtual community consists of people connected and interacting via the

internet. They are connected for social relationships, like in social media platforms, but also

for information exchange [BD02].

The open community concept is more broadly open than a virtual community. The partici-

pants must not necessarily be connected via the internet. An open community is defined as

follows:

Definition 5.3.1 (Open Community) An ”Open Community is an generalization of the

concept of Open Source to other collaborative effort. The term ”open” for an open community

refers to the opportunity for anyone to join and contribute to the collaborative effort. The

direction and goals are determined collaboratively by all members of the community. The

resulting work is made available under a free license, so that other communities can adapt and

build on them” [Ini15].

The aim of an open community is to create a space for user-driven services and open inno-

vations as well as to improve processes in terms of knowledge and information sharing. The

origin of open community lies in the LL concept [WHL08].

Because of the following reasons, the open community approach is proposed in this thesis.

Most of the problems in the topic of agrochemical-related risk mitigation are interdisciplinary

problems, e.g., when analyzing or developing new possible risk mitigation strategies in the

field of agrochemicals people with expert knowledge about biology, chemistry, ecotoxicology,

mathematical modeling, meteorology, agriculture, or material science can contribute their

expert knowledge. That means that the community must be open for people from different
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disciplines.

An open community has further advantages that can be useful in the LL approach. One theory

holds that when a lot of people with different points of view work together on a project, the

results of the resulting collaborative work are better than if the same number of people work

on the same topic independent of each other [Sur05]. This effect is called social intelligence

and is described in more detail in section 6.2.

The open community approach is additionally used because of its openness to people who

were originally not intended to participate in such a project. It should be also open for people

who are not organized in a typical stakeholder group, e.g., volunteers not living in the LL

community but with experience in the field of work. In a closed group of project members, it

would not be possible to use these experiences.

The described determination of goals and objectives in a collaborative process are also impor-

tant. When thinking about traditional projects, goals and objectives are defined by project

leaders or a core group of project members. The open community approach allows every-

body involved in the project to help to adjust the goals and objectives. Often also knowledge

about traditional behavior and feelings of the community members are lacking. Through the

collaborative effort, it is possible to introduce these experiences from different disciplines and

different social groups into the process of determining goals and objective. Therefore, the

goals and objectives are broader and more adapted to the different fields and the needs of the

community members.

A major advantage and necessary for the sustainability of the project is the release of the

developed products, e.g., maps, methods, or software tools, under a free license. The created

maps and software solutions can be used for free. This is especially important in less-developed

countries where a lot of people cannot afford money for maps and software.

The release of the product under a free license is also important for the sustainability of

the risk mitigation strategies. The created software tools and maps can be used, modified,

and extended by everybody to accomplish the collaboratively defined goals. This can help

if, e.g., a funded project stops or if a project group responsible for the creation of the tools

stops working. In these cases, it is possible that the tools and maps are updated and further

developed by people not involved in the project.

The present section has shown that through the use of open-source software and the open

community approach a benefit for people living in poor rural areas can be increased in the

described context.
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5.3.2.2 Selection of stakeholders

As mentioned in section 5.3.1, several stakeholders are involved in an LL. Despite the used

open community concept at the beginning of an LL project, a core group of relevant stakehold-

ers must be selected according to different criteria and project goals. This group can consist

of a group of stakeholders necessary to achieve the described research and development goals

of the project and of additional stakeholders in the sense of an open community, for example,

volunteer citizen scientists or local communities.

Stakeholders should be interested in the project and want to work on it without a focus on

commercial interests. It is aimed to deliver solutions for community members in poor rural

areas for whom it is not possible to pay for services. The developed risk mitigation strategies

should be low-cost.

Therefore, developed risk mitigation materials, scientific publications, and software tools

should be released under an open license. Selected stakeholders must agree with the open

community approach.

Stakeholders should deliver options or strategies to implement risk mitigation strategies or

parts of them, help to improve them with their interdisciplinary expert knowledge, or help

to implement risk mitigation strategies on a political level. As trust plays an important role

in an open community approach, trust between the stakeholders may be another criterion in

the stakeholder selection process.

In the case of an LL with the aim of reducing the exposure to agrochemicals in a SDSS

approach, a core group of stakeholders might, for example, consist of stakeholders from the

fields of healthcare authorities, agricultural communities and authorities, health, computer

and natural science, industry, community members, healthcare workers, and political actors.

They should be selected according to the project goals. Stakeholders may change over time

and stakeholder selection is a process that can also be performed during the operating phase

of the LL. Local stakeholders can be first implemented when the pilot region or area for a

possible LL is determined. Stakeholders have the task of contributing their tools to the de-

velopment and improvement of risk mitigation strategies, setting political conditions for their

implementation and contributing their expertise in a multidisciplinary research and develop-

ment approach.

According to requirement (R1.4), a long-term approach is intended. Long-lasting cooperation

can be ensured with contracts and memoranda of understanding through which participation

and type of cooperation are described legally.
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5.3.2.3 Pilot region

Requirements that are related to the selection of a pilot region for an LL are requirements

(R1.1) infrastructure for a workplace and space for a research and development

environment, (R1.8) political and governmental conditions, (R1.9) located in a

safe area, and (R1.10) community willing to work on the problem solution.

(R1.1) dictates an existing minimal infrastructure which is necessary to operate the LL in

the community, for example, regional stakeholders, meeting rooms, work spaces, and IT or

telecommunication infrastructure to operate a SDSS and related systems and monitor the

success of risk mitigation strategies, for example, with physical or environmental parameters.

An example for an IT infrastructure to operate an LL in the described framework with a

SDSS and related risk mitigation strategies is presented in chapter 17.

In addition, political and governmental conditions in the pilot region must be organized in

such a way that there are no political obstacles for the implementation of an LL in the pilot

community. Local political decision makers should support the concept (R1.8).

(R1.9) is necessary for the assumption of a safe operation of the LL, in which, for example,

foreign stakeholders can stay, move, and work without being exposed to criminal attacks and

working equipment can be safely stored in the community. Criminal activity can be a problem

for LL in poor rural areas.

A region in which community members are interested in participating in the risk mitigation

approach should be selected as a pilot region. Community members are co-creators in the

research and development cycle, give feedback about the proposed risk mitigation strategies,

and deliver personal and crowd-sourced data (R1.10).

5.3.2.4 Motivation for community members to participate

As described in section 5.3.1, the best working LL can be found where a win-win situation can

be achieved for the stakeholders and users or community members. The benefits for stake-

holders are obvious. Scientists, for example, gain new data collected in a real-life environment;

industrial stakeholders can use innovations from the LL approach for new commercial devel-

opment; agencies and authorities gain knowledge about possible risk mitigation strategies and

their efficacy.

The greatest benefit for community members in an area with agrochemical-related diseases
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might be that participants can help to improve the health conditions by not loosing economical

disadvantages for themselves, friends, and relatives. Beside this non-monetary aspect, there

are also monetary aspects. In the developing world, subsistence and small-scale agriculture

is more widespread than in the developed world. [WZ11] describes that relatives and whole

families work together to grow crops for their daily food or for sale. People with a disease

are not as productive as healthy people because their manpower is missing in the agricultural

production process and, therefore, additional workers must be paid.

An additional monetary benefit might be that expenses for medical goods and medical services

can be decreased by a lower number of cases and strength of the diseases through the use of

the proposed risk mitigation strategies. Money can also be saved by an adapted and reduced

pesticide use. This can be achieved through different risk mitigation strategies, e.g., precision

farming and educational programs, for example, to avoid overdosing by correct application

rates.

These benefits are sometimes not directly obvious for all participants and should be commu-

nicated to the stakeholders to keep motivation high. Besides the described benefits of LL,

inhabitants might perhaps, as described in Chapter 6, have fun being part of a scientific com-

munity, working with modern electrical devices, or helping to improve the SDSS and other

risk mitigation tools.

5.4 Establishing a Living Lab

The process of establishing an LL in the described framework can start with a core group of

stakeholders, as described in section 5.3.2.2. This core group can later be refined and opened

to other stakeholders according to the used open community approach (section 5.3.2.1). To

ensure long-lasting cooperation, contracts or memoranda of understanding can be established

in which the stakeholders’ type of participation and responsibilities are described.

The stakeholder group must define general project aims and objectives in an open community

approach. This should include the theoretical implications of the LL approach, like the type

of user involvement or legal issues as described in [Her17]. Additionally, the group of stake-

holders must set the framework for the project.

A pilot region meeting the mentioned requirements must be selected (section 5.3.2.3); contacts

with possible local stakeholders or associations can be closed, possible cooperation explored,

and the group of stakeholders refined. In the pilot region existing work space, IT and mon-
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itoring infrastructure must be identified and related to methods used in the selected risk

mitigation approach adapted and extended. An example for an IT infrastructure usable in

an LL approach with a digital SDSS is described in chapter 17.

Stakeholders deliver their initial collection of possible risk mitigation strategies to the inno-

vation cycle. This collection will be named as toolbox for risk mitigation. In relation to

regional available risk mitigation methods and materials, an initial set of tools of possible risk

mitigation strategies, which can be implemented and further developed, must be defined by

the stakeholders and community members. Examples for possible risk mitigation strategies

in the field of ecotoxicological and environmental modeling can be found in part III.

During the operating phase, risk mitigation strategies are developed and refined in a user-

centered open innovation approach with a research and development cycle. Scientific research,

software, and created risk mitigation materials are, according to the open community approach

(section 5.3.2.1), released under an open license.

Methodology LL with a development cycle can also be used to optimize the operation and

structure of the LL itself.

5.5 Chapter conclusion

In the present chapter, a framework for the adaptation of the LL approach as a research and

development environment related to a disease of unknown etiology in less-developed countries

was developed. A research and development environment adapted to the needs of people

living in rural areas and agrochemical related disease was designed.

The concept of an open community is proposed for the operation of the LL in which differ-

ent stakeholders work together with community members on solutions in an open innovation

approach to find risk mitigation solutions in the field of CKD. Different adaptations were

necessary to let the concept LL fit to the case of CKD. The LL concept was combined with a

open community approach. Open in this sense means the stakeholder group is both open for

stakeholders from different disciplines and different professional levels to assure a multidisci-

plinary research view from different angles. Additionally, the term open is also related to the

license properties of the developed risk mitigation strategies and products. They are released

under a open license to make them affordable for people living in poor rural areas.

Additional requirements that are specific to the case of CKDu were worked out, e.g., require-
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ments on the pilot region and involved stakeholders.

Summarizing, a research and development environment was developed that can be used to find

risk mitigation strategies for an agrochemical-related disease in poor rural areas in developing

countries.
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6 | Data sampling in a Living Lab in less-developed

countries

For different steps in the approach used in this thesis, data must be collected from community

members living in the LL. This can be personal data about the actual location, life and health

history, surveys related to suspected risk factors, the fitness of a risk mitigation strategy, or

data sampled in a crowdsourcing or citizen-science approach, e.g., environmental parameters

or detection of pesticide application patterns as described in chapter 12.

In the following chapter, the theory about data sampling with a crowdsourcing or citizen-

science approach is introduced and their limitations and application in an LL approach in

less-developed countries are discussed.

6.1 Crowdsourcing

In the last few years, mass collaboration and the open community approach were widely used

to solve problems or find new innovations, e.g., commercial companies used such methods to

find new designs or a new product [Bra08a], develop wikis [Gas12], or analyze satellite images

with the goal of finding a lost airplane [Hui22].

The term crowdsourcing was first introduced by [How06] and is described as the collaborative

work of people connected via the internet and the potential of this principle of operation.

Originally, the term crowdsourcing referred to an industrial process, for example, to develop

a new design for a product. Crowdsourcing is a neologism that is formed by the words

outsourcing and crowd. The meaning is that some tasks of the industrial production process

are outsourced to the crowd [How06].

There are several definitions for the term crowdsourcing.

Definition 6.1.1 (Crowdsourcing) Crowdsourcing is defined as an interactive form of ser-
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vice delivery that is organized collaborative or competitive and that includes a large number

of extrinsically or intrinsically motivated actors with a different level of knowledge which use

modern information and communication systems based on the Web 2.0 [How06].

Performance objects are products or services with different degrees of innovation that are

developed reactively by a network of participants due to external stimuli or proactively by

automatically identified needs, gaps, or opportunities [MLV08]. Other authors have a wider

definition. [DRH11] define a crowdsourcing system ”if it enlists a crowd of humans to help

solve a problem defined by the system owners” [DRH11, p. 87].

[Bra08a] argues that there is a difference between the concepts crowdsourcing and open source.

Solutions and ideas developed by crowdsourcing are always adopted and later owned by com-

panies, but open-source solutions are always, within the meaning of the definition of the

open-source community [Ini14], for free. Crowdsourcing solutions are mostly used for non-

software products, e.g., for the creation of a new design for clothes. To use this solution,

it is necessary that clothes are produced, imported, and printed; production costs must be

covered, and there must be company sponsorship. [KVR08] understand crowdsourcing as a

process where commercial firms outsource specific tasks to the public with the intention of us-

ing the result for a commercial product. The participants work for free or for much less money

than professionals. Companies generate money with the developed solutions. The consumer

acts as a coworker under the responsibility of a commercial company [KVR08]. Separation

between the societal spheres of production and consumption is increasingly dissolved. The

buying consumer gets transformed into the working consumer [Pap09].

The motivation of internet users to participate in a crowdsourcing project is less a mone-

tary aspect and more the idea of participating in a project to have fun or be accepted in

communities [LP07] or the improvement of the own skills [Bra08b].

6.2 Citizen science

Another method referred to as crowdsourcing but more suitable for the described approach

is called citizen science.

Definition 6.2.1 (Citizen science) The citizen-science model is defined as a model that

”engages a dispersed network of volunteers to assist in professional research using methodolo-

gies that have been developed by or in collaboration with professional researchers. The public

plays a role in data collection (...) across broad geographic regions (and often, over long
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periods of time), usually to address questions raised by researchers” [CDPB07, p. 2].

It is a commonly used method especially in environmental science and ecology [Sil09], e.g.,

to determine the temporal and spatial distribution of organisms [BLB05] or in water qual-

ity monitoring [CKR+20]. The concept integrates the engagement of people with scientific

tasks and involves them in the scientific working process [Sil09]. Participants are engaged

in the scientific process and create or deliver data; participation is active and goes beyond

recognizing participants as research subjects or as supplier of computing power [WC11]. In

contrast to the earlier mentioned method crowdsourcing, citizen science is not intended to

gain commercial success.

There are several different citizen-science methods differing within the kind of the participa-

tion of the volunteers, e.g., if they are involved in the scientific study design process or in

the analysis or interpretation of the data [WC11]. [BBJ+09] propose a classification within

the citizen-science projects in contributory, collaborative, and co-created projects. In con-

tributory projects, volunteer participants are only involved in the data collection process, for

which, in collaborative projects, the study design is created by professional scientists, but the

volunteers can be involved in design refinement or in data analysis. In co-created projects,

the study is designed by both professional scientists and public participants. In addition, the

public is involved in all steps of the study from design to publication [BBJ+09].

It is not necessary that citizen-science projects are only mediated by information and telecom-

munications technology. If they are, then citizen science can be seen as a part of crowdsourc-

ing, adapted, and used in science. In contrast to open-source projects, citizen-science projects

have a hierarchical structure, with professional scientists giving the framework and scientific

methods. There is also a difference to open science because it is mostly not intended to pub-

lish the entire scientific process [WC11]. Furthermore, citizen-science projects are often not

self-organized [CLW+07].

The voluntary participants are called citizen scientists. Their role in scientific studies can be

described as unpaid field assistants. Mostly, they do not have a scientific education in the

field in which the study occurs [Coh08]. The citizen scientists can help to deal with a great

amount of data [Gal14]. Citizen science can be a useful tool for collecting large datasets with

a temporal and spatial distribution [DWB10].

Collaboration between professional and citizen scientists results from the citizen scientists

interest in the field of the study, being outdoors, and the problem to which they can help to

find a solution. Analyzing the collected data and writing a paper about the findings is still
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part of the work of the trained scientists who initiated the scientific research [Coh08].

In 2007, a citizen-science project called Galaxy Zoo was started [Gal14]. A website was re-

leased on which images of the galaxy from the Sloan Digital Sky Survey were published.

Volunteers had the task of categorizing the pictured galaxies according to their morphology.

Within the first year of the project more than 50 million galaxies were classified by the citizen

scientists. The project is an example of a co-production of amateur astronomers as citizen

scientists and professional science [MSS11]. It is now integrated in the project Zooniverse

[Zoo14], an internet platform on which several different citizen-science projects in the field of

biology, climate science, and astronomy are presented. Interested people get also information

about how to participate in the different projects.

For the citizen-science project Mückenatlas [M1̈4], people can send trapped mosquitoes and a

notice about the trap location to a zoological lab where the samples are categorized. Together

with the coordinates of the trap location, distribution maps can be created.

The open participation approach is also used for emergency tasks. For example, volunteer

participants analyzed satellite images after the Haitian earthquake in 2010 and helped to

generate actual maps for the web-based mapping services, e.g., for aid agencies [ZGSG10].

Citizen science is also used to conduct clinical research studies, e.g., the participants can an-

swer questionnaires, self-report data, or self-track device data [Swa12].

[CC12] report about a sea turtle monitoring project initiated by the state of North Carolina,

USA, conducted with volunteer participants as field workers. They found that through the

work in the project and the gained knowledge, the citizen scientists are able to participate

in scientific debates about the topic and are able to argue for their opinions. Additionally,

the volunteer participants get involved in scientific processes as well as in the decision-making

processes of authorities and can gain understanding for the different opinions of the stakehold-

ers. Authorities and the scientific community benefit from the citizen’s work, thus a win-win

situation arises [CC12].

The method called citizen science has the advantage that datasets can be created without a

restriction of the spatial scale. Biases and uncertainties can occur and must be kept in mind

when using this method [Sil09].

It is discussed that the reliability of the data is not as good as data collected by trained

scientists. In some cases, the volunteer participants must be trained in how to collect the

data. Another benefit of using this method is that the citizen scientists are educated in the

field in which they work and become aware of the problem [Coh08]. Another advantage of
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the citizen-science method is that a lot of studies suffer from a lack of funds with which to

pay fieldworkers, especially when they need a special training. There, it is wiser to collect

data with lower reliability or minor mistakes. Also, with volunteers, it is possible to enlarge

a study to a longer time span and a larger spatial extent [Coh08].

As previously described, the citizen scientists are mostly not experts. Thus, the tasks must

be chosen in a way that the citizen scientists can execute them with basic knowledge and

perhaps a short introduction. However, the collected data must be checked for mistakes

and reliability by experts [Coh08]. For example, in a study with a citizen-science approach

in which citizen scientists should answer questions about the spatial distance of their living

homes to agricultural fields treated with pesticides, errors were observed in the self-reported

items’ distance and the application practices. The authors attribute this to a lack of ability

to estimate distances and experience in pesticide application techniques [RRS06].

One reason people participate is that they are proud to help in scientific tasks and they can

benefit nature [Coh08]. In [MSS11], the motivation of amateur astronomers to participate in

the citizen-science project Galaxy Zoo [Gal14] was evaluated. The participants were attracted

for aesthetic reasons, community building and cooperation with professional scientists, and

the interest in and wish to participate in professional science [MSS11]. Participants received

scientific knowledge and it animated them to build interest in science as well as in nature and

explore it [BLSF09].

Participation in the scientific working process can have a positive impact on the literacy of

the citizen scientists. The participants also get knowledge and awareness of the topic of inter-

est, and the motivation to participate in other public problem related initiatives is increased.

Additionally, the scientific process skills of the participants can be improved [CJH+13]. Par-

ticipants are also motivated to learn new facts about the task, and they have fun in the work

[RBG+10]. [TBBC00] reported that participation in a citizen-science project leads to the start

of scientific thinking processes. The participation of the public in citizen-science projects can

lead to the understanding and acceptance of scientific processes and can be further seen as a

kind of public science education [BLB05].

6.3 ICT in crowdsourcing and citizen-science projects

Citizen-science projects existed before the development of the internet and modern ICT sys-

tems, e.g., collection of data about birds or astronomical and meteorological observations
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[Dro07].

Through the introduction of modern ICT and internet technologies, it is easily possible to es-

tablish public databases where citizen scientists can inform themselves about ongoing projects

and scientists who want to start a citizen-science project can get information about how to

start such a project. Additionally, the connection and coordination between professional and

citizen scientists gets much easier [NWC+12].

Internet technology provides conditions for using this collective intelligence. People from all

over the world can communicate in an open single system. People with different cultural

backgrounds and skills can give their opinions about how to solve a problem. The internet

also favors a kind of work in which the user is involved in the working process and where they

can act or create and innovate new things [Bra08a].

With the so called Web 2.0, it is easy to communicate in both directions – from and to the par-

ticipants, which makes it much easier for the volunteers to take part in the project and to use

this method [KVR08]. Through the communication in both directions, not only researcher-

driven, top-down research questions can be formulated but also bottom-up questions, formu-

lated by the citizen scientists, can be integrated into the research program [DBB+09].

The widespread use of the internet and development of GIS-based web applications makes

it easy for the participants to deliver the collected data to a central database. Smartphones

with their integrated cameras and sensors are useful tools to sample data easily and cheaply

[DSB+12]. New communication technologies like mobile internet and mobile devices have the

potential and are the cornerstone for the broad and cheap use of citizen-science methods.

They can be used in a wireless sensor network in which the mobile devices can be regarded

as mobile sensors, which can determine different environmental parameters, or it is possible

to transmit recognized phenomena to a central server and connected database. With the help

of mobile devices, a lot of people can be reached; through their use, people can be motivated

to participate in public volunteer work. Data collection can be broadened, the accuracy of

models can be tested, and decision-making can be accelerated. Through the use of modern

ICT infrastructure and inherent techniques, such as sensors and mobile apps, the amount

and quality of the sampled data will increase [NWC+12]. This trend will go on because the

upcoming ICT technology shows that, for example, normal mobile phones that were originally

intended for communication are transformed into mobile personal instruments with which it

is possible to be connected to a network and measure different parameters [PHH08].

Mobile apps can help to increase the quality of the collected data. [GHS11] reported from a
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research project in which citizen scientists were to identify plants. Through the use of a mo-

bile app for smartphones in connection with the integrated Global Positioning System (GPS)

sensor, it was possible to exclude identifications that were not possible because of the user’s

location and the spatial distribution of the plant.

[KVSD10] showed that it is possible to add different plugins on a common smartphone with

which the tracking of more challenging issues is possible, e.g., soil moisture or the electrocar-

diogram of humans.

Wireless data sensing can be regarded as a connection between the laboratory and nature

[NWC+12]. Through the use of modern and mobile ICT, citizen scientists are integrated in

data collection in a way that they can collect data on their everyday activities without any

special effort [GHS11].

6.4 Data sampling and delivering in less-developed countries

In the LL approach described in this thesis, it is intended to sample data for different tasks in

citizen-science projects. There are different methods to sample the needed data, e.g., through

a paper-based survey, interview, or an app for mobile devices.

Data sampling and delivery differs between developing and developed countries. In developed

countries, most people have access to mobile devices and are connected to the internet; thus,

collecting data is much easier than in less-developed countries, where, in rural areas without

the ability to use mobile devices, mostly paper surveys must be conducted. Such paper-based

surveys have the disadvantage that there is a long delay between data collection and process-

ing. Furthermore, a lot of human resources are needed to collect the data, and errors in data

transcription can happen [AHB+09].

Although in less-developed countries the development of the ICT infrastructure lags behind

developed countries, an exponential growth in the build up of infrastructure and the use of

mobile phones can be recognized [AHB+09] – as well as an increasing use of the internet

and computers [CF10]. There is not only a gap in the use of computers and the internet

between developing and developed countries but also within the group of less-developed coun-

tries [CF10].

Some authors found out that there is a strong correlation between the use of ICT and the

nominal income of the country and the inhabitants [QATRM03], whereas other studies found

a relationship between ICT use with access to telecommunication and the costs for telecom-
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munication technology and access [DLW01] and several other factors like education, telephone

line density [CF10], or gender and cultural behavior.

In general, in less-developed countries, the era of desktop computers or laptops has jumped,

and mobile devices like smartphones or tablet computers are more common [BSD+13]. De-

spite the increasing use of mobile devices and smartphones, a last-mile problem exists in

less-developed countries. The last-mile problem is described as a problem that data delivery

to the user is difficult or impossible due to transition problems caused by a lack of infras-

tructure. The last connection to the user is not established, or there is a bottleneck in the

ICT infrastructure, i.e., a wired or wireless connection to the end user is not available or not

affordable [Sha06]. The last-mile gap must be first closed before technological solutions in the

delivery chain can be implemented.

As the use of mobile devices and access to the internet is increasing rapidly in less-developed

countries [O3b14], the following chapters focus on digital data sampling.

In chapter 12, an example is presented of how citizen scientists can contribute with data

sampling and delivery through mobile devices. The requirements for such data collection

with mobile devices are a broad distribution of mobile devices and that the sampled data can

be delivered to a central database. Thus, at least a temporal internet connection must be

available to transfer the collected data to the database.

When using mobile devices for data sampling, it must be kept in mind that in some areas

the illiteracy rate is really high [Loc12]. Apps for data sampling might be adapted to local

characteristics, e.g., with speech recognition software or software reading out the questions or

with adapted icons.

6.5 Requirements for an app for data sampling and delivering

As mentioned in the previous chapter, this thesis focuses on data sampling and delivering

based on mobile electronic devices, whereby data is sampled by an app or a software tool.

However, in section 6.7 an open-source software tool is demonstrated with which it is possible

to create paper-based questionnaires with automated report generation. Requirements for

an app or a software tool for data sampling in the described framework in less-developed

countries are that it must:

• (R2.1) be free of charge,

• (R2.2) be adaptable to the user’s needs, e.g., layout and language,
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• (R2.3) not be permanently connected to an IT system,

• (R2.4) have interfaces for external sensors and software,

• (R2.5) allow processing of spatial data, and

• (R2.6) provide encryption.

The software should be free of charge with respect to the limited financial resources in less-

developed countries, and the background must be usable by a maximum number of people.

It should be adaptable to the user’s preferences, e.g., with different languages or the possi-

bility to switch between text and visual or audio mode for illiterate people. Due to limited

infrastructure resources in the field of ICT, it is important that the tool can also be used in

regions in which a permanent internet or phone connection does not exist. Another important

requirement might be that the tool offers interfaces to external sensors and software. With

external sensors it is possible to measure parameters like humidity or the location with a GPS

sensor. Determined location coordinates can be attached to the collected data through which

spatial data is obtained. As personal data also is collected in the described approach, the

encryption of the sampled data is necessary.

6.6 Example for an open-source app for citizen-science projects

in less-developed countries

A tool with the ability to build a survey or a data collection form, collect data on a mobile

device, and aggregate the collected data is called an Open Data Kit (ODK). It is a collection

of tools intended for easy use and modification for organizations with limited technical or

monetary resources. ODK is developed by a user community for research conducted by the

Department of Computer Science and Engineering of the University of Washington [Kit14]. In

the past, it was used by different organizations in less-developed countries, e.g., for mHealth

systems [RMA+12], decision support systems [ARP+12], or for general data sampling [Ful10b].

It runs on Android devices. It consists of different modular software tools that can be com-

bined or run alone and are named after their intended use, e.g., Build, Collect, and Aggregate,

to create forms, collect data, and aggregate the data in a way in which it can be analyzed.

It is an open-source software tool; the source code can be used by an open community, and

new modules can be created. It uses a standard text-based layout. As mentioned in section
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2.1.2, in some less-developed countries, the illiteracy rate is high and text-based layout is

not appropriate. Through its status as an open-source tool, it can be easily modified, e.g.,

to implement text-to-speech or text recognition modules. It might be possible to adapt the

graphical user interface (GUI) to the user needs, e.g., as described in [Pla14], or to adapt it

to other devices and operating systems.

ODK uses or generates files in a standard format so that the interface to other tools is ensured.

The software is adapted to the situation in less-developed countries, e.g., asynchronous data

transfer and several different ways to transfer data to the user are implemented. In addition,

the user interface is structured in a user-friendly way, and many different data types can be

implemented, e.g., pictures or coordinates. It is also possible to use integrated sensors with

the package Sensor for data collection, such as the GPS sensor or a camera to collect pic-

tures, GPS coordinates, or bar codes. It is also possible to collect data sampled by external

sensors connected to the device via Universal Serial Bus (USB), Bluetooth, or Wireless Fi-

delity (WiFi). It is easy to create a questionnaire – even for people who are less-skilled in ICT

and programming, e.g., questions can be created in a spreadsheet document and compiled to

a questionnaire that can be used by ODK [BSD+13].

Through user and developer feedback, a redesign of the software structure was conducted,

leading to the ODK 2.0. With ODK 2.0, it is possible to integrate a present survey or data

into a previously collected database or to modify a present database directly from the mo-

bile device. In addition, machine-readable paper surveys can be scanned in and processed

by ODK. It is also possible to collect data without a mobile internet connection by Short

Message Service (SMS). The data collected in a cloud or on a private server can be managed

and exported to different formats. In the case of private or sensitive data, it is also possible

to encrypt the collected data on the server as well as in the transfer chain. Collected data can

be stored temporarily on the device if a mobile connection, e.g., mobile internet connection

or connection to the phone network, is not available. With the tool Submit, it is possible to

transmit data to the server when a connection, e.g., via SMS, WiFi, or General Packet Radio

Service (GPRS), is available. In this way, the history of the transmitted data is stored on the

mobile device. Thus, only data not transmitted in the past is transmitted, and non-essential

traffic can be avoided. [BSD+13].

With respect to Section 6.5, ODK fulfills nearly all requirements listed there: ODK is an

open-source tool and allows the sampling of data cheaply and easily (R2.1). The software

itself allows the implementation of different media formats, e.g., videos, images, or sound files.
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Therefore, the created questionnaires can be adapted to the needs of the user, e.g., to use

sound files or images for illiterate people (R2.2). Where the infrastructural situation allows

the use of a mobile device, the questionnaire can be used directly on the device itself, with

the answers directly typed in the device. On the other side, where the infrastructure does

not allow the use of a mobile device, e.g., because of a lack of connection to the power supply

system or through the lack of a mobile device in a certain area, it is also possible to conduct

the survey in a paper form, scan it in, and process it automatically (R2.2). It is also possible

to store data directly on the mobile device and transmit the data later when a connection to

the server is established. It is also possible to transmit data without a internet connection

via SMS to the server. These are important characteristics of ODK for use in less-developed

countries that allow it to bridge the last-mile gap and overcome the lack of mobile internet

connection (R2.3). Different software and sensor interfaces are also implemented in ODK.

Parameters measured with internal or external sensors can be integrated in questionnaires,

for example, images, sound files, and coordinates (R2.4). ODK has methods implemented

that allow encryption of stored and transferred data (R2.6). This is required when working

with sensitive data, such as personal health data.

The processing of spatial data is not fully supported by ODK (R2.5). It is possible to deter-

mine spatial coordinates with the help of the GPS sensor, but a webgis function is missing,

e.g., for marking spatial areas to create geodata. As ODK is an open-source software, the

source code can be adapted and possible interfaces to GIS software can be developed.

6.7 SDAPS as a sensor for complex and dynamic systems

Machine readable paper-based surveys are an option for data sampling in regions where digital

devices or electrical power are not available, as in some regions in developing countries. An

open-source software to create paper-based questionnaires with optical mark recognition of

answered questions and automated report creation is called Scripts for data acquisition with

paper-based surveys (SDAPS) [Ber14].

To be usable in SDAPS, the created questionnaire must have a special predefined format from

the software. SDAPS is able to locate the position of questions and check-boxes on the paper.

It is possible to create a SDAPS readable questionnaire with different software tools like Libre

Office [Fou20e] or in the format of a tex file.

After the creation of the questionnaire, it is analyzed by SDAPS, and SDAPS recognizes the
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location of the questions and the check-boxes and fields for free text on the paper. Follow-

ing this, the questionnaire can be printed out and answered by the interviewees. After this

step, the answered questionnaires are scanned in as a file in tif format. In the next step,

SDAPS analyzes automatically which check-boxes of the scanned questionnaires are marked.

To check if SDAPS has recognized the marked boxes correctly, a GUI for manual mark recog-

nition is implemented in SDAPS. With this GUI, it is possible to correct check-boxes that

were recognized as marked but that are not. SDAPS has the possibility to create a report or

a spreadsheet with a basic statistical analysis about the answered questions.

Through the use of a optical mark recognition software, time can be saved that would be

necessary for the manual digitization of the answered questionnaires and creation of a basic

statistical report.

The use of SDAPS also has some difficulties. A detailed manual and description of the soft-

ware is not available; therefore, time for learning how to use the software is required.

The following problems occurred during installation and the general use of SDAPS. For exam-

ple, repositories were missing and not automatically installed, the length of the questionnaire

is limited to 6 pages, and only uncompressed pictures in tif format and scanned in as black

and white image with 300 dots per inch (dpi) are accepted by SDAPS.

Overall, despite the mentioned limitations of the software, it represents an alternative to

software tools like ODK for which a digital device is required.

6.8 Citizen science in the described approach

Decentralized data sampling by non-professional volunteers like community members can be

used in the LL approach for different tasks, for example, to sample data about individual

health and pesticide use history or take surveys of suspected risk factors, environmental

parameters, or detected pesticide application patterns. An example for an app with which it

is possible to report pesticide application events is presented in chapter 12.

According to the classification of [BBJ+09] and the user-centered innovation process in the

LL, a collaborative citizen-science project is proposed in which citizen scientists are not only

data samplers but also are involved in the scientific study design process. Items or topics that

must be tracked in a citizen-science approach can be chosen according to the risk factors in

the spotlight and must be defined in the LL process according to the research questions, skills

of the citizen scientists, and available sensors. A more mathematical view on the data needed
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for an SDSS can be taken from section 18.2.

In this thesis, the citizen-science approach is used for different reasons. It is possible to sample

large data sets like pesticide application events that would not be possible without the help

of volunteers because of a lack of financial resources for professional workers. Additionally,

involved community members or citizen scientists obtain knowledge about the topic, increased

or improved scientific thinking, and risk awareness [CJH+13]. It might also be an option to

combine data sampling with a risk mitigation framework. For example, a data sampling app or

tool can be combined with open educational resources about pesticide related risk mitigation

or materials to increase risk literacy. However, the citizen-science tasks in the LL process

must be selected according to the available sensors and skills of the community members.

Despite the mentioned advantages, data sets sampled in a citizen-science approach somewhat

have the problem of low data quality.

Survey methods and software must be selected according to the last-mile gap and existing

ICT infrastructure in the pilot region. For example, the tool ODK, which was presented in

section 6.6, has many features for digital data sampling and questionnaire creation but can

only be used with a digital device. A paper-based tool like SDAPS can be used in regions

without internet connection.

6.9 Chapter conclusion

In the present chapter an approach for open and decentralized data sampling in a citizen-

science approach was introduced. With the selected approach, it is possible to sample large

data sets in a low-cost and open approach. Citizen science is a widely used method to sample

large datasets [DSB+12]. Additionally, citizen-science methods help to increase the aware-

ness of the citizen scientists of the examined topic. Adapted to the local characteristics in

developing countries, two exemplary open-source tools for data sampling were presented: one

for questionnaires and data sampling with a digital device and one for regions with low in-

frastructural conditions with a paper-based questionnaire with optical mark recognition and

automated report creation. With respect to requirement (R1.3), both tools belong to the

group of open-source software.

ODK has many more features than the paper-based SDAPS tool, for example, multimedia

elements can be used, and it provides an interface for external sensors. However, the tool

must be selected according to the infrastructural conditions in the region: if a last-mile gap
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exists for a digital questionnaire, then all the features of a software like ODK cannot be used

at all. As digital devices get more and more common in less-developed countries, the focus of

the thesis lies on data sampling and spatial decision support with digital devices, despite the

last mile gap.

Further developments in the described data sampling approach with a digital device can be

to include adaptive elements of the questionnaire as described in [SCL+11]. In an adaptive

questionnaire, the structure of elements and questions is not fixed, and questions appear in

relation to the answers of previously answered questions. Additionally, a data sampling app

can be enriched with open educational resources to increase risk literacy and awareness. An

example of an app for a citizen-science project with an adaptive GUI and enriched with in-

formation about risk mitigation strategies is presented in chapter 12.

The design of the citizen-science task must be developed in the innovation cycle in the LL

and should be done in a way that data sampling can be integrated in everyday life and does

not lead to an overload for the citizen scientists.

Despite the mentioned advantages of citizen-science projects, low data quality is partly re-

ported for citizen-science projects. The following chapter deals with how to deal with data

sets with missing items and how to estimate the spatial and temporal quality of data.
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7 | Dealing with incomplete data and quality of

data

7.1 Introduction

In reality, it is often necessary to deal with incomplete, imprecise, or obsolete data, especially

in less-developed countries [BL03] and citizen-science approaches [ADSZ+19]. Citizen-science

projects show a wide variety in data quality [BMN+21]. Different errors in data collection

and processing can lead to a reduction of the data quality. Additionally, the incorrect use of

sensors and data sources for generating temporal and spatial data can lead to a diminished

data quality [HB92].

A distinction is made between internal and external data quality. The previously described

errors lead to a decrease of the internal data quality. The internal data quality describes the

difference between the produced data and the data that should be produced. In the best case,

the produced data should give an equation of reality with specified filters [HB92].

External data quality describes the appropriateness of data to the user’s needs. The best case

for decision support would be to have current data from every location of interest; however,

in reality, this is not the case. Therefore, data must be used from different time points in the

past, interpolated from different locations with known attributes. External data quality can

be measured as the difference between the needed data and the available data [HB92]. Thus,

external data quality is always in relation to the needs of the person using the data.

The following chapters deal with how to handle missing values and inter- and extrapolation

and how data quality is influenced and can be measured.
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7.2 Interpolation and extrapolation of temporal and spatial

data

As everything in the world changes over space and time, all things and phenomena in the

real world as well as in the described data sampling approach in an LL have a temporal and

spatial dimension. To describe these phenomena, for example, concentrations of substances,

location, and amount of resources, the spatial and temporal dimension must be incorporated.

The spatial dimension can be, for example, visualized by maps or diagrams, and the temporal

dimension can be visualized by a bundle of maps or diagrams for different time points.

In former years, cartographers could only create maps from well-known areas, e.g., to map the

density of trees in a wood. With modern computer techniques and the use of GIS, it is easily

possible to interpolate missing locations with known points or areas surrounding them or

missing time points for a given location with values for neighboring time points. As a result,

different techniques are used through most of which use nearby points in a geographical or

temporal sense to estimate values for unknown areas or points in time.

For a mathematical description, the following introduces some definitions.

Definition 7.2.1 (Statistical unit) A statistical unit or element ωi, (i = 1, ..., n) is the

single object of a statistical analysis. It is the carrier of the information of interest in the

investigation. The index i characterizes the statistical unit, and n denotes the total number

of recorded elements [Koh05].

In the case of the described approach elements can be, for example, locations at a given time

point (xi, yi, t) or people to whom a risk value is assigned to at a given time point (pi, t).

Definition 7.2.2 (Population) The statistical mass or population Ω is the set of statistical

units that fulfill a specified delimitation criteria:

Ω = {ωi|criteria applies to ωi} (7.1)

[Koh05]

The population Ω might be, for example, all locations within a given area L or all people

living in an LL community.

Definition 7.2.3 (Sample) If only a part of the population Ω is recorded in a statistical

study, then this part is called a sample [Koh05].
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In data collection with a spatial and or temporal dimension, mostly only samples can be

investigated due to the finite characteristics of the measurement, i.e., only a finite number of

locations can be investigated at a finite number of time points.

During a sampling approach, a subset of locations or time points are measured with the aim

of estimating values for unsampled locations or time points [Goo97].

Definition 7.2.4 (Feature) A property of a statistical unit that is of interest in a statistical

analysis is called feature X(ωi) or X [Koh05].

Definition 7.2.5 (Feature space) The set of all possible observation values is called the

feature space A [Koh05].

In this sense, a feature X can be regarded as a mapping that assigns a observation value from

the feature space to each element or statistical unit ωi:

X : Ω → A (7.2)

In the case of an agrochemical-related LL, a feature X can be for example the stage of CKD

with a feature space A = {1, 2, 3, 4, 5}, and the statistical units ωi might be people living in

the LL. In the sense of a mapping, the feature X assigns to each element ωi or person living

in the LL a value between 1 and 5.

In general, and also in the described LL approach, measurements are made in a finite number

of statistical units, e.g., the number of people living in an LL is finite or measurements about

agrochemical content in soil or water is only sampled at a finite number of locations. However,

in reality, the unknown distribution is continuous. By using only a finite number of sampling

points, the continuous but unknown distribution is estimated by a discrete distribution.

Definition 7.2.6 (Discrete feature) If a feature can only have a finite number of values

or a countably infinite number of values, it is called a discrete feature; if it can be all values

within an interval, it is called a continuous feature. [Koh05]

Regarding the feature location itself, expressed in coordinates, it is, according to the definition

above, a continuous feature. However, with the boundary condition that an investigation has

only limited resources and therefore only a finite number of sampling points can be used in

the investigation, it gets a discrete feature.
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Definition 7.2.7 (Discretization) Discretization methods are procedures for the approxi-

mate solution of continuous problems. The solution is only determined at specified discretiza-

tion points within the domain of function. [Wal16a]

In reality, all spatial and temporal measurements are discrete because only a finite number

of measurements can be made, for example, a subset of locations or a finite number of time

points for one location.

Following the example of an investigation interested in the concentrations of an agrochemi-

cal, e.g., in soil in relation to the spatial location (x, y) and time point t0, is regarded. The

spatial and temporal distribution of the agrochemical is an unknown but continuous function,

as visualized in figure 7.1. During the survey the unknown continuous distribution of the

agrochemical should be estimated by using a finite set of discrete sampling points.

For such an approach, a sampling design is created, for example, an appropriate spatial dis-

tribution of sampling points and the regularity of the time points at which they are measured.

Detailed information about sampling designs can be taken from [SE03], [WSGG12] or [ZS06].

In figure 7.1, the hypothetical but mostly unknown spatial distribution of the concentration

of a substance together with potential sampling locations are visualized. For demonstration

purposes, an irregular sampling grid is used; however, in reality, the selection of a fitting

sampling grid is a task that must be performed by stakeholders, e.g., a scientist, within the

LL approach.

During a survey, the goal is that the unknown distribution of the parameter of interest is

modeled using a sample of locations and, for each location, different time points. A researcher

might sample a discrete number of locations and obtain, e.g., a table in which each row rep-

resents a measurement, and columns represent parameters of interest. Such data might be

stored in a database or vector format in a GIS, for example, each measurement with at least

the coordinates xi, yi of the location i, time point tj , and value of the measured data z stored

as a tuple (x, y, t, z) for each measurement. This data can be for example visualized with a

GIS in a map with marks in which the z-value or the color of the marks represents the value

of the measured parameter z at the location (x, y) at a given time point t. Such a map is

visualized in following figure 7.2.

In a measurement for each location of the subset or time point, a value for the parameter

of interest is obtained. With the obtained values for the parameter of interest, the goal is

to estimate the unknown function in relation to space and or time through which values for

unsampled locations can be estimated. There are three main techniques to estimate missing
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Figure 7.1: Example of a function ut0(x, y) representing the unknown spatial distribution of a parameter

of interest at time point t0 together with a underlying sampling grid with possible sampling points (figure

generated with GNU Octave).

functions by incorporating known points: extrapolation, interpolation, and function approxi-

mation.

Definition 7.2.8 (Interpolation and extrapolation) Interpolation and extrapolation are

defined as the estimation of values of a parameter at unsampled locations by using values of

sampled locations; an estimation made within a sampled area is called interpolation, and one

made outside of an area of sampled locations is called extrapolation [BML15].

According to the definition above, extra- and interpolation differ in that point, i.e., that

interpolation methods model values within a region of known points and extrapolation outside

of a region with known points. However, methods used for spatial extrapolation are the same

as used for spatial interpolation [LH08]. Extrapolation is used for temporal and spatial

forecasting in an SDSS.

According to the dimensions of the problem, interpolation, extrapolation, and approximation

can be temporal, spatial, or spatio-temporal.

110



CHAPTER 7. DEALING WITH INCOMPLETE DATA AND QUALITY OF DATA

Figure 7.2: Example for the visualization of discrete point samples for a parameter of interest in a map at

a time point t0 (figure generated with GNU Octave).

The definition above is a definition used in a spatial or temporal context, but the following is

a more mathematical one:

Definition 7.2.9 (Interpolation) Interpolation is defined as construction of a function f

that assumes predefined values zj at a finite number of points xj, the so-called sampling points

with the following condition:

f(xj) = zj for j = 1, ..., n (7.3)

[Wal16b]

Interpolation as defined in definition 7.2.9, where the interpolation condition only regards

function values xj and zj , is called Lagrange interpolation [Wal16b]. There exist a infinite

number of equations that fit to this condition. Other conditions, like the type of the searched

function or information about derivatives, can be used to refine and to reduce the number

of possible functions. Other interpolation techniques, e.g., by implementing derivatives into

the interpolation condition, are called Hermite interpolation [SX95] or Birkhoff interpolation
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[LZ71]. However, for the task in an LL approach, where a function should be constructed

from scattered data with known data points, Lagrange interpolation fits.

Similar to interpolation is the method of approximation. For approximation equation 7.3 is

reduced to

f(xj) ≈ zj for j = 1, ..., n [Fol87] (7.4)

meaning that in contrast to interpolation, the output values of the found function f(xj) at

the known input values xj have only to fit approximately to the output values zj .

There are several temporal, spatial, and spatio-temporal interpolation and approximation

methods described in the literature.

[LH14] divides available spatial interpolation methods into three categories. However, cur-

rently machine-learning interpolation methods, which were not included in [LH14] due to the

date of the publication, have become increasingly popular, i.e.:

• non-geostatistical methods, like nearest neighbor, inverse distance weighting, splines,

regression trees and models, triangular irregular network related interpolations[LH14],

• geostatistical methods, mainly kriging-related methods [LH14],

• machine learning methods,e.g., support vector machine [ZSX20], [SKTGMdS+20], neu-

ral networks [ZSX20], [AGRK20], [SKTGMdS+20], [NM23], neuro-fuzzy networks [KPUR23],

[NM23], random forest [SKH+20], boosted decision trees [RLS+20],[TWK+21], and k-

nearest neighbor [ZSX20], [SKTGMdS+20], and

• combined methods, where non-geostatistical, geostatistical, and machine learning meth-

ods are combined, like linear mixed models, regression kriging [LH14].

[LH14], [LH08] and [LH11] give a good overview about spatial interpolation techniques in

environmental science.

Geostatistical interpolation methods incorporate, in contrast to non-geostatistical methods,

values for the variance at unsampled locations together with a probability distribution of

the variance, whereby a semivariogram is calculated and used in the interpolation process

[BML15]. A semivariogram visualizes the relationship between a location and its surround-

ing locations with respect to the distance [SdSJH16]. These methods are also called kriging,

named after one of the pioneers of geostatistics, Danie G. Krige [BML15]. Kriging methods

are very common and often used, although they have a high computational resource need
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[LH14].

According to [LH08], interpolation methods differ in their features, characteristics, and appli-

cability, such as the geographic extent of incorporated data points, if they are interpolation or

approximation methods, if they use a deterministic or stochastic procedure, if they produce a

discrete or continuous output, if the interpolation is based on uni- or multivariate input data,

and if they work on a regular or irregular network of points. [LH08] also give an overview

about non-geostatistical, geostatistical, and combined methods, their features, limitations,

computing load, and the suitability.

Research in the field of spatio-temporal models is much lower than in the only spatial field

[SdSJH16]. [SdSJH16] review different spatio-temporal interpolation methods, for example,

triangular, inverse distance weighting, kriging, and distribution-based distance-weighting in-

terpolation. [XCC+21] divides spatio-temporal models into three categories; however, mixed

models are also available. The following is a non-exhaustive list of examples of commonly

used methods in spatio-temporal interpolation:

• Statistical methods: geographical weighted regression [FCY15], [DWZ+18], spatio-temporal

kriging [XZCH20], [HLZ+20], [YH18], Bayesian maximum entropy [HK18], [HK17] ,

ARIMA [DRU+20],[MSI24], timescape [CCP+22], dual kriging [KCM24].

• Machine-learning methods: support vector machine [DCKBK24],[dSdLdS+21],[GRMI21],

neural networks [NSR23],[SBD21], random forest [MDB+20], [Yeş20].

• Physical methods: EPIC, SWAT, Weather Research and Forecasting model [XCC+21].

• Mixed models.

According to [LH14], the quality of the interpolated data is dependant on the used model,

used model parameter, characteristics, and quality of input data, such as spatial distribution

and density of samples and correlations between input data.

Packages and commands for spatial and spatio-temporal interpolation are partly available in

open-source GIS tools or other open-source software. For example, in QGIS 3 [QGI24], there

are packages for inverse distance weighting (qgis:idwinterpolation) and triangulated irregular

network (qgis:tininterpolation) interpolation directly implemented. Plugins for ordinary krig-

ing and support vector machine methods are available by the Smart-Map Plugin [PVQ+22].

Additionally, other commonly used open-source GIS have different interpolation methods

implemented; in GRASS GIS 7 [Tea15], there are, e.g., bilinear or bicubic spline interpola-

tion (v.surf.bspline), inverse distance weight interpolation (v.surf.idw), and in SAGA-GIS 7
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[CBB+15], e.g., inverse distance weight interpolation, modified quadratic Shepard interpola-

tion, bilinear spline interpolation or different kriging algorithms. Additionally, in open-source

tools for numerical computation different interpolation methods are implemented; for exam-

ple, in GNU Octave 5 [EBHW20], the methods nearest neighbor or linear interpolation from

nearest neighbor are used.

Other indirectly implemented interpolation models can be manually implemented, e.g., through

the python interface of QGIS or with programming skills directly in other open-source soft-

ware like GNU Octave, R or Python.

In an LL approach, the appropriate interpolation method must be selected according to the

mentioned features of the interpolation methods and how they fit to the data for which a inter-

polation should be performed. For an LL in a less-developed country with limited resources,

there should also be a focus on whether the method is implemented in an open-source GIS

or whether stakeholders are available who can implement the methods in the used software

tools. Furthermore, the workload and required IT equipment in terms of central processing

unit (CPU), random-access memory (RAM) and storage must be emphasized.

Regarding the example above and assuming that for each location (xi, yi) samples were

taken at different time points tj , the values for the parameter of interest zi,j were obtained.

(x1, y1, t1)....(xn, yn, tm) are further called interpolation points and can be described as a lo-

cation with x and y coordinates at a given time point t. To each interpolation point, a

corresponding value z1,1, ...., zn,m is related that represent measured values of the parameter

of interest at location i and time point j.

Regarding the example above, interpolation in general means that a function f has to be

determined, for which the following property fits:

f(xi, yi, tj) = zi,j for i = 1, ..., n and j = 1, ...,m (7.5)

In other words, a function is searched for which the output value f(xi, yi, tj) for a given

location and time is the same as the measured value zi,j . The value for an unknown or

unsampled location and time is then obtained and estimated by inserting the regarded values

into the found expression.

For a map, representing the situation at a fixed time point t0 the equation is reduced to:

f(xi, yi, t0) = ft0(xi, yi) = zi,0 for i = 1, ..., n (7.6)

In the following figure 7.3, an example of a spatial interpolation is visualized, a linear inter-

polation to the nearest neighbor in each direction was used as interpolation method.
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Interpolation was performed with the software tool GNU Octave. GNU Octave does not give

Figure 7.3: Example for the interpolation based on scattered discrete point samples for a parameter of

interest in a map at a fixed time point t0 (figure generated with GNU Octave).

an explicit equation for the interpolated function; however, the interpolated z values can be

obtained by a query with respect to the location x and y within the GNU Octave code.

Figure 7.4 shows an example for a second measurement at time point t1 at the same loca-

tions as measurement at time point t0 together with a spatial interpolation, performed with

the same linear interpolation method as used in figure 7.3: With these two measurements at

different time points, it is possible to perform a temporal interpolation, e.g., to estimate the

situation at any time point between tk and tl with l > k:

Temporal interpolation is demonstrated by applying a method called convex combination.

Definition 7.2.10 (Linear and convex combination) Let K be a field and λi scalars

with λi ∈ K, V a vector space and viinV . A vector v ∈ V to which a1, ..., an ∈ K exist

and with v = λ1v1 + ....+ λnvn is called linear combination of the vectors v1, ...., vn. A linear

combination is called convex combination only if λ1, ...., λn ≥ 0 and λ1+ ....+λn = 1 [Wal16b]
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Figure 7.4: Example for the visualization of discrete point samples for a parameter of interest in a map at

a time point t1 together with a spatial interpolation (figure generated with GNU Octave).

This definition is following used to perform a linear interpolation of the z values of a unknown

time point.

It is assumed that for every spatial location (xi, yi) with i = 1, ..., n the corresponding z−

values zi,k and zi,l for time points tk and tl are known. The aim of the following temporal

interpolation is to get z− values for time point tx with k <= x <= l, for which the corre-

sponding z− values zi,x were not measured during a survey.

Using the definition for a convex combination for two vectors, the equation from the definition

7.2.10 becomes:

v = λ1v1 + λ2v2 (7.7)

with λ1 + λ2 = 1 equation 7.7 becomes:

v = (1− λ2)v1 + λ2v2 (7.8)

and following:

v = (1− λ)v1 + λv2 (7.9)

assuming a linear relationship and k <= x <= l, λ is defined as:

λ =
x− k

l − k
(7.10)

resulting in:

v =

(
1− x− k

l − k

)
v1 +

x− k

l − k
v2 (7.11)

with v1 and v2 regarding as two vectors v1, v2 ∈ IR3 and defined as:

v1 =


xi

yi

zi,k

 and v2 =


xi

yi

zi,l


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equation 7.11 becomes:

zi,x =

(
1− x− k

l − k

)
xi

yi

zi,k

+

(
x− k

l − k

)
xi

yi

zi,l

 (7.12)

By applying equation 7.12 on all points of measurement for two time points, a simple linear

temporal interpolation between two time points can be performed.

Regarding the scatter plots visualized in figure 7.3 and figure 7.4 for time points t0 and t1, a

map for time point tx with 0 <= x <= 1 can be created by using equation 7.12.

For example, for the location i = 11 with the coordinates x = −8 and y = 7, the following

z-values were obtained by measurements at time point t0 = 0 and t1 = 1 with z11,0 = 11.958

and z11,1 = 12.391. Through temporal interpolation, the missing value at t0.6 is obtained.

Therefore, the following parameters can be set: k = 0, l = 1, x = 0.6,

v1 =


xi

yi

zi,k

 =


x11

y11

z11,0

 =


−8

7

11.958

 and v2 =


xi

yi

zi,l

 =


x11

y11

z11,1

 =


−8

7

12.391


and with equation 7.12 following in

z11,0.6 =
(
1− 0.6−0

1−0

)
x11

y11

z11,0

 +
(
0.6−0
1−0

)
x11

y11

z11,1

 = 0.4 ·


−8

7

11.958

 + 0.6 ·


−8

7

12.391

 =


0.4 · (−8)

0.4 · 7

0.4 · 11.958

+


0.6 · (−8)

0.6 · 7

0.6 · 12.391

 =


−8

7

0.4 · 11.958 + 0.6 · 12.391

 =


−8

7

12.218


Therefore, at location 11 with (x = −8, y = 7) and time point t0.6, the following z-value is

obtained: z11,0.6 = 12.218.

This calculation is further performed for all i = 1, ..., n. In this manner, interpolated values

are visualized in figure 7.5 a), a spatial interpolation was then performed, resulting in figure

7.5 b):

Figure 7.5 is the result of an easy implementable tempo-spatial interpolation performed with

open-source software since it can be used in the described LL approach in a SDSS.
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Figure 7.5: Visualization of discrete point samples generated by temporal interpolation with convex combi-

nation at time point t0.6, together with a spatio-temporal interpolation (figure generated with GNU Octave).

7.3 Data density, interpolation quality and data quality

Interpolated maps, as visualized in figure 7.3, look as if precise measurements were performed

at every location. Instead, missing data was modeled, and the quality of the modeled data is

not the same as for locations for which concrete measurements are available.

When dealing with spatial and temporal data, it must be kept in mind that this data represents

a part of the reality in a modeled way. In spatial and temporal data, items and attributes of

the real situation are sometimes not considered, grouped, or simplified. They try to give a

picture of reality, but they are not reality [DJ06]. The deviation or the probability of deviation

between modeled and really measured data must be considered when this data is used for,

e.g., spatial decision support, as described in this thesis.

In the data modeling framework one of the internal sources of error can be described as

interpolation errors. In figure 7.1, the distribution of a parameter of interest is visualized. In

reality, this distribution is unknown but should be modeled and estimated using a sample of

measurements at predefined points of measurement, for example, as visualized in figure 7.2.

The resulting interpolated map is presented in figure 7.3.

The comparison between the unknown distribution ut0(x, y) (figure 7.1) and the modeled or

interpolate distribution ft0(x, y) (figure 7.3) shows that there is a difference between the two

functions. As an error function, the squared error is used:

ef,t0(x, y) = (ut0(x, y)− ft0(x, y))
2 (7.13)

The graph of ef,t0 is visualized in following figure 7.6 The volume under the surface of the

error function ef,t0 is further used as a measurement for the overall error Ef,t0 of interpolation
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Figure 7.6: Graph of the error function ef,t0 from two different angles of view (figure generated with GNU

Octave).

function ft0 .

Ef,t0 =

∞∫
−∞

∞∫
−∞

ef,t0(x, y)·IG(x, y) dx dy =

∞∫
−∞

∞∫
−∞

(ut0(x, y)−ft0(x, y))
2·IG(x, y) dx dy (7.14)
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However, E cannot be calculated in reality as u is recently unknown. In equation 7.14, the

term IG(x, y) is an indicator function, which describes a bounded measurable set and is defined

as follows.

Definition 7.3.1 (Indicator function) Indicator function of an area G is defined as:

IG(x, y) =

 1 , if (x, y) ∈ G

0 , else
(7.15)

As it is possible that the improper integral diverges to infinity, it is introduced to limit the

integral to a finite value.

According to figure 7.6, there is a heterogeneous distribution of the error et0 on a global scale

with a higher error near the peaks of the unknown function ut0 . This might be explained by

the locations and distribution of the points of measurement as well as with the shape of the

error function e. Furthermore, the used linear interpolation method to the nearest neighbor

might be responsible for the obtained error distribution.

Regarding definition 7.2.9, the error is 0 at the marked interpolation points and increases with

the distance to the interpolation points. The error is lower in regions where more points are

present per area or in other words, in regions with a higher point density.

Therefore, a density function di is introduced that is related to the distance of the location

of a point of measurement (xi, yi) to its surrounding locations and decreases with increasing

distance:

di(x, y) = pi(x, y) · IG (7.16)

with

pi(x, y) =
1

1 +
(
x−xi
s

)2
+
(y−yi

s

)2 (7.17)

In equation 7.17, s is a value describing how far a single point of measurement has an

influence on the surrounding locations. Higher values of s imply a greater influence of a

specific measuring point on surrounding locations.

Regarding the measurement grid from the example above, an aggregated density function

dspat,tk at time point tk can be calculated as:

dspat,tk(x, y) =

nk∑
i=1

di(x, y) (7.18)
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Figure 7.7: Graph of the density function di for a measuring point i at location (0, 0) with s = 1 and s = 3

(figure generated with GNU Octave).

=

nk∑
i=1

pi(x, y) · IG (7.19)

=

nk∑
i=1

1

1 + (x−xi
s )2 + (y−yi

s )2
· IG (7.20)
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nk represents the number of sampling points for which measurements are available at time

point tk.

With respect to the sampling grid given in figure 7.1, aggregated density functions with s = 1

and s = 3 are visualized in the following figure 7.8.

The aggregated density function for s = 3 has a smother surface with a higher dspat values

than compared with the aggregated density function for s = 1, which can be expected by

regarding the density functions di for single points and the method of summing up the density

functions for every single sampling point. The influence of a sampling point to the neighboring

locations is higher for s = 3, resulting in higher dspat values than compared with s = 1.

Selection of a value for s can be regarded as fitting of a model parameter and must be

performed in the LL approach according to the data used in the model and how far a value

of an unknown location can be estimated by a value of a nearby lying sampling point.

Aggregated density function can be used to calculate the mean information density: dspat,tk(A)

within an area A with A ⊂ G:

dspat,tk(A) =
V olume under dspat,tkwith base area A

Area of A
=

∫
A

dspat,tk(x, y) dx dy∫
A

1 dx dy
(7.21)

The value of dspat,tk can be used to compare, e.g., the mean information density and quality

of two areas D and E, or to select areas with a high information density.

For the spatio-temporal interpolation, a function qtemp,tk(t) is introduced. qtemp,tk(t) describes

the relationship between the temporal quality and the time span between time t and the time

point tk of a measurement. The temporal quality decreases with a longer time span between

the measurement and a regarded time point. qtemp,tk is 1 at time points at which concrete

measurements are available and decreases with an increasing time span between the time

point of measurement and the regarded time point. Such a quality function is introduced for

every measurement and related time point tk:

qtemp,tk(t) =
1

1 +
(
t−tk
s

)2 (7.22)

In the following figure 7.9, two examples for qtemp,tk(t) with tk = 1 and st = 1 or st = 3 are

visualized.

Again, st is a parameter describing how fast the temporal quality decreases with an increasing

time span. The following examples,

qtemp,tk=1,st=1(0) =
1

1 +
(
0−1
1

)2 = 0.5 = qtemp,tk=1,st=1(2) (7.23)
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Figure 7.8: Graph of the aggregated spatial density function dspat,tk for all measuring points at location

(xi, yi) with i = 1, ..., n, s = 1 and s = 3 (figure generated with GNU Octave).

and

qtemp,tk=1,st=3(0) =
1

1 +
(
0−1
3

)2 = 0.9 = qtemp,tk=1,st=3(2), (7.24)

demonstrate that, for st = 1 the quality is reduced to 50% and for st = 3 to 90% for an inter-

polated time point, which is one time unit away from a time point for which a measurement
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Figure 7.9: Example for a temporal quality function for a measurement at time point tk = 1 and two different

slope factors st = 1 and st = 3 resulting in qtemp,tk=1,st=1(t) =
1

1+( t−1
1 )2

and qtemp,tk=1,st=3(t) =
1

1+( t−1
3 )2

(figure generated with GNU Octave).

is available.

In the following, it is assumed that concrete measurements are available for time points tj

with j = 1, ...,m. For each time point, a spatial density function together with a temporal

quality function qtemp(t) is available.

The spatio-temporal density function dspattemp,tk(x, y, t) for a single measurement at time

point tk is obtained by

dspattemp,tk(x, y, t) = dspat,tk(x, y) · qtemp,tk(t) · IG (7.25)

dspattemp,tk(x, y, t) is a function describing the spatio-temporal quality of a single measurement

at time point tk. For a fixed location (x0, y0), the value dspattemp,tk(x0, y0, t) decreases with a

increasing distance between t and tk.

The overall spatio-temporal density function is finally calculated by:

dspattemp(x, y, t) =
m∑
j=1

dspattemp,tj (x, y, t) (7.26)
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=
m∑
j=1

dspat,tj (x, y) · qtemp,tj (t) · IG (7.27)

dspattemp(x, y, t) describes the spatio-temporal quality of location (x, y) at a time point t in

relation to the spatial and temporal distribution of the measuring locations and time points

of measurements.

The described interpolation methods and methods to estimate the spatial, temporal, or spatio-

temporal quality of data points and sets are necessary for the application of a SDSS. For

example, through interpolation methods, it is possible to estimate parameters required for a

SDSS at locations where direct measurements of the parameter are not possible. The spatio-

temporal quality of the used data is also a value that is necessary to estimate the robustness

of the generated spatial support. The quality of the spatial support generated with data with

low quality is not as high as a decision made with high quality input data.

7.4 Methods for dealing with missing data

In the last sections, methods were introduced that can be used to estimate unknown values of

a parameter lying between existing data records in a spatial or temporal sense. The following

chapter deals with methods how to handle missing data within data records.

In general, missing data values or whole parameters can appear due to, inter alia, non-

responding [Rub04], errors in sensors [JE00], missing communication between a sensor and

the electronic devise that records the sampled values [LG05], an accidental loss of values,

or difficulties in measuring a parameter caused by high financial costs or special equipment

needed for a measurement [LEDL+05].

Besides missing data values, noisy data can often be regarded in surveys. Reasons are random

errors or implicit errors occurring because of errors in a sensor or by using different sensors

for measuring the same parameter [GLH+15]. In less-developed countries in particular, data

sampling of personal parameters is a difficult task. Personal experience has shown that avail-

able data sets are sometimes not complete or have missing values. However, for an SDSS, it is

necessary to have complete data sets. If input data for an SDSS has missing values, this input

data must be preprocessed in a way that algorithms can work with it and give appropriate

decision support results.

Therefore, for an SDSS in the described LL approach a system is necessary that is able to

handle missing values of a parameter in a data set. There are different methods available for

dealing with missing data; [GLSGFV10] list the most important methods.
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An easy and formerly often used method is called complete data analysis. In complete data

analysis, record entries with missing values are deleted, and only record entries with a com-

plete set of values are used. The method can be used if only a small percentage of the recorded

entries have missing values. The method has the disadvantage that information are not used

or lost [GLSGFV10], resulting in small data sets [LR19].

To impute missing values, statistical analysis and related values can also be used, for example,

the mean or median of the missing parameter. In the method called mean imputation, the

average value of the missing parameter is calculated by using existing values of the parameter

of the complete records. However, correlations between the parameters and variability within

the data set are not regarded [Sch97] by applying mean or median imputation the variance v

of the data set changes.

Another method is called regression imputation. The regression method is used if a correlation

between the missing parameter and a parameter with full records exists. A regression curve is

calculated by using only the value pairs of the dependent and independent variable for which

both values are available. Missing values are then calculated by using the obtained regression

curve. However, regression analysis can only be used if the data set fulfills some conditions,

such as independence of the predictor variables, homoscedasticity, or an uncorrelated error

distribution [FHT15].

Hot deck imputation is another method to estimate missing values. Existing values in the

incomplete vectors are compared with the values of the other vectors in the complete vector

set. The vector in which the existing values have the highest similarity to the vector with

the missing value is taken, and the missing value in the incomplete vector is replaced by the

value from the vector with the highest similarity. With this method, global information in the

whole area space is ignored, and only a single vector is responsible for the estimation. This

results in a low quality of information [Sch97].

For model-based approaches like the maximum likelihood or expectation-maximization algo-

rithm, knowledge about the distribution of the parameters is necessary [Sch97].

Another commonly used imputation method is called multiple imputation [KC07]. In contrast

to single imputation, in the multiple imputation approach, imputation is repeated by incor-

porating probability distribution, resulting in many possible processed datasets. In a second

phase, the different imputed datasets are finally combined into a single dataset [LSA15].

There are also different machine learning methods available [GLSGFV10] that are highlighted

in Chapter 16:
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• K-Nearest-Neighbor (k-NN) imputation [Zha12],

• multilayer perceptron [SRPMLC15],

• self organizing maps [FZCM15],

• recurrent neural network imputation [LR12],

• support vector methods [PDBSDM05], and

• random forest imputation [TI17].

[TR21] give a summary about imputation methods from the machine-learning field [RT20] for

unsupervised imputation methods. A comparison of the different imputation techniques can

be taken from [JPR19].

The different methods differ in computer load and accuracy. [JPR19] compared the per-

formance of seven different common used imputation methods, whereby k-NN imputation

imputation had the lowest root mean square error. However, in terms of computing load

k-NN imputation is high.

They also differ in the applicability in terms of the statistical characteristics of the dataset,

for example, if the parameters are statistically dependent or independent, e.g., for mean or

median imputation, it does not matter if the variables are dependent; however, for regression,

it is necessary.

Also a distinction is made between whether the values are missing at random, missing com-

pletely at random, or missing not at random. Completely at random means that there is no

dependency between missing values and the variables; missing not at random means that there

is a dependency, e.g., missing values are located in the upper scale of the variable [SWC+09].

Imputation methods are implemented in common open-source software tools like R with

packages mice [VBGO11] for multivariate, amelia [HKB11] for multiple, Hmisc [HJHJ19] for

single, or missForest [SB12] for random forest imputation and in Python with the classes

IterativeImputer for multiple or KNNImputer for k-NN imputation from the Scikit package

[PVG+11].

7.5 Chapter conclusion

In the present chapter methods were introduced with which it is possible to pre-process data

in order that the datasets can be used in a SDSS. Datasets with missing data values can be
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processed, e.g., by removing data records with missing values or by estimating missing data

values with imputation methods. Such imputation methods are available for common open-

source software tools, as proposed in the described LL approach in less-developed countries.

Imputation methods from the field of artificial intelligence (AI) and machine learning (ML)

are presented in more detail in the following chapter 16.

Additionally, interpolation methods were presented with which it is possible to estimate val-

ues at locations or time points for which concrete measurements are not available. In less-

developed countries in particular, where resources to perform concrete measurements in a

spatial or temporal narrow net of measurements are often not available, such interpolation

methods are necessary. The introduced temporal, spatial, and spatio-temporal interpolation

methods are also available for common open-source software tools or can be easily imple-

mented.

However, when generating data by imputation or interpolation, a bias between imputed or

interpolated data and real but unknown values can be observed. According to [LH14], the

quality of interpolated data values are inter alia dependent on the density of the sampling

sites. In section 7.3, methods were demonstrated with which it is possible to calculate the

temporal, spatial, and spatio-temporal density. Density can be further used as a criterion to

estimate the quality of the generated data and related decision support.

Summarizing, methods for data preprocessing were introduced that can be used in a SDSS

system in the described LL approach.

During the research and development cycle in an LL, methods must be selected by incorpo-

rating the availability of the method and available algorithms in the used software tools and

IT systems, the computational load of the used method, statistical requirements to which the

method must fit, the characteristics of the dataset, and the accuracy of the method.
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vador

Results of the last chapters were partly used for the LLinES project. Within the LLinES

project, initial contacts between participating stakeholders were made at scientific confer-

ences in 2012. A core group consisting of members of the Instituto Nacional de Salud El

Salvador, University of El Salvador, University Koblenz-Landau and the CSIR Meraka Insti-

tute discussed in informal meetings possible research fields and solutions for the case of CKDu

in El Salvador. As a result of the discussion, the concept LL was selected. The core group

was extended with members of the Embassy of El Salvador in Germany. The final group of

stakeholders and their experience are listed in table 8.1.

Project members from El Salvador had previously worked in the CKD-affected region Bajo

Lempa with local farmer communities and had experience in this area. They had contacts

with local farmers and grassroots cooperatives, such as ACUDESBAL and Asociacion Mangle,

and were accepted by local politicians and community members. Local community members

and stakeholders have shown that they were willing to participate in the project. Addition-

ally, a minimum of an existing IT and working infrastructure was present in the region, for

example, electrical power in the community, WiFi access, and meeting and working rooms in

the community center. A small health center Oscar Arnulfo Romero, which was operated by

the Instituto Nacional de Salud El Salvador, was also present in the community. Therefore,

the region was selected as a pilot region for an LL.

In 2014, an application at the German Federal Ministry of Education and Research was suc-

cessful, and the LLinES project was funded. The aim of the application was to build an

infrastructure for the operation of an LL in El Salvador. The LL was designed in a way that

it could be continued autonomously by the local project partners after the set-up phase. In

addition, the transferability of the approaches and solutions developed within the LL to other

regions was also a primary objective. The original work plan was divided into the following
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steps: preparatory measures, interdisciplinary analysis of the current situation, development

of a specification sheet for a selected risk mitigation strategy, implementation in existing

resources in the LL, application of the risk mitigation strategy, and review and adaptation

of workflow optimization in the LL. Milestones should ensure that the established LL was

operational even without follow-up projects after the end of funding.

Funding included travel expenses for stakeholder meetings in El Salvador, promotional mate-

rials, and surveys to investigate existing infrastructure in the pilot region.

In 2015, two stakeholder meetings took place in the Bajo Lempa region. Several meetings

with local stakeholders and community members were held. Figure 8.1 shows an example of

a stakeholder meeting in the Bajo Lempa region.

The core group was finally extended with the local agricultural community ACUDESBAL

Figure 8.1: Stakeholder meeting in the Bajo Lempa region (source: Mäggi Hieber Ruiz).

and the Asociacion Mangle, a ”grassroots community organization that works to strengthen

capacities, build skills, and advance agricultural practices to improve the quality of life of the

population in the Bay of Jiquilisco, El Salvador” [Man24].

Memoranda of understanding in which the participation in an open community approach

was agreed were signed by the stakeholders. According to the open community approach,

the group was still open for additional stakeholders and participants. The selection of these

stakeholders made it possible to combine expertise from the fields of medicine, computer sci-
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Table 8.1: Selected LL stakeholders in the LLinES application

Stakeholder Description and Expertise

Instituto Nacional de Salud El Salvador access to medical facilities

(National Health Institute of El Salvador) scientific medical expertise

Data about prevalence of CKD

trusted stakeholder

contact to local community

University of El Salvador expertise in surveys

physical sensors

Embassy of El Salvador in Germany legal and political issues

University Koblenz-Landau expertise in mathematical modeling

ecotoxicology, teacher education, data science

Asociacion Mangle grassroots community organization

advocacy and citizen participation

agroecological production

ACUDESBAL local farmer community and association

CSIR Meraka LL expertise

ICT in rural areas

ence, ecotoxicology, environmental sciences, mathematical modeling, and educational science.

Local stakeholders helped to gain access to the local infrastructure and communities and were

representatives and accepted leaders of the local farming community. Additionally, they had

knowledge about the situation in the pilot community, for example, about social and cultural

restrictions or existing and applicable risk mitigation strategies and materials. They were also

involved in the structure of the local community.

Communication with local community members showed a high level of motivation to partic-

ipate in the LL and related data sampling approach. Motivation was explained by the grief

caused by CKDu in the community and the high case and death numbers. The involvement

of local and well known stakeholders like the Instituto Nacional de Salud El Salvador and

University of El Salvador helped to increase confidence in the whole project group, which

extended also to foreign stakeholders.

According to the classification made by [LWN12], a user-driven LL method was used. Rep-

resentatives of the local stakeholders were also involved in the process of adjusting scientific
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research goals and selection of scientific methods. However, due to the project specification

in type of a fixed project application, where concrete milestones are written down, it was

not possible to adjust the main project aims together with the local stakeholders, despite the

open community approach.

During the project phase a brochure was designed and printed to inform local community

members about the project, goals, methods, and ways to participate in the project. Accord-

ing to the open community approach, it was intended to use open-source software. Software

analyses were conducted which resulted in the use of ODK.

In 2016, gang violence increased in El Salvador and in the Bajo Lempa. Gang violence was so

high that travel warnings were issued for El Salvador and visits by stakeholders in the Bajo

Lempa region were not possible anymore. Preparatory work was still continued, for example,

surveys were designed.

However, due to the structural problems in the pilot region the project had to be terminated

in 2018. Up to now, contact in the stakeholder group is still maintained; however, the political

agenda in the health sector in El Salvador has changed away from CKDu.
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9 | Risk mitigation strategies in an agrochemical

related LL

The following chapters deal with the requirements for risk mitigation strategies that can

be used in the described LL context and shows how an initial knowledge base for possible

risk mitigation strategies related to spatial mathematical modeling and ecotoxicology that is

usable at the beginning of a research and development cycle within the LL can be derived

from the requirements.

9.1 Requirements for risk mitigation strategies in less-developed

countries in an LL approach

According to the findings in chapter 2, a high level of exposure to toxic pesticides can be

observed in less-developed countries. Additionally, the medical treatment of people affected

by a disease is often insufficient. Therefore, risk mitigation strategies must be developed that

help to reduce the exposure to these substances and the related impact or help to decrease the

risk of suffering from a negative impact by improving the medical knowledge and treatment.

In general, the situation in less-developed countries in terms of possible risk mitigation strate-

gies is different than compared with that of developed countries.

Summarizing the results from chapter 2, the application of possible risk mitigation strate-

gies for an LL approach in a less-developed country must be enacted under the following

parameters:

• (R3.1) must be performable with limited resources, i.e., money, medical treatment, and

infrastructure,

• (R3.2) must deal with illiteracy and low education,

• (R3.3) must fit to tropical climatic conditions,
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• (R3.4) must fit to cultural, religious, and social conditions, and

• (R3.5) must have an obvious benefit.

The proposed risk mitigation strategies must fit to the situation in less-developed countries,

which are different than those in developed countries. For example, due to limited financial

resources, they must be constructed in a way that they can be also afforded by community

members in poor rural areas.

The proposed risk mitigation strategies must be adapted to the available resources, e.g., in

an area without a dialysis machine, it does not make sense to propose dialysis as a risk

mitigation strategy. Therefore, spatial and temporal data about the availability of required

resources might be implemented in the decision support process. Adaptation to available

resources might be also in the sense that low-tech equipment is used, for example, as demon-

strated in the VRT approach described in chapter 10.

Additionally, infrastructural limitations must be considered in the selection process of possi-

ble risk mitigation strategies. Digital education materials are, for example, not appropriate if

digital devices are not available or if digital materials cannot be delivered to the user due to

weak ICT infrastructure.

The proposed risk mitigation strategies should be also adapted to the users’ knowledge, edu-

cation, and skills. For an illiterate person, image- or sound-based risk materials might be more

appropriate than text-based materials. Additionally, educational materials must be adapted

to the users’ existing knowledge.

Additionally, the behavior of the community members and existing cultural, religious, or so-

cial restrictions must be considered, e.g., if community members do not trust a special risk

mitigation method due to cultural or religious beliefs, then this strategy will not be applied

by the community members – even if it is proposed by an SDSS.

Most cases of CKDu are observed in less-developed countries with tropical or subtropical

climate. Therefore, the proposed risk mitigation strategies must be also applicable in areas

with high temperatures.

These requirements show how important community members are in the innovation cycle.

A scientist does not necessarily know how hard it is to work the whole day with protective

clothing in a tropical climate or which risk mitigation strategies are not applicable due to so-

cial restrictions. Only community members themselves have this experience and information;

other LL stakeholders can only assist them with the available risk mitigation tools.
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As described in section 5.3.1, in an LL approach risk mitigation strategies as well as the SDSS

tool selecting the most appropriate risk mitigation strategies are developed in a research and

development cycle in collaboration between the stakeholders and community members living

in the LL. They must work actively in the development process, inter alia, by delivering

personal data in a crowdsourcing approach. In order to motivate them to participate in the

described LL approach, a winning situation for the community members must be achieved,

which means that through the risk mitigation strategies a real benefit must be obvious for

the participating community members.

9.2 Possible risk mitigation strategies

In general, the development of effective risk mitigation strategies in the described LL approach

is a process through which stakeholders deliver possible risk mitigation strategies and tools

from their own disciplines and a related pool of risk mitigation strategies to the community.

They are further applied in the LL and evaluated and improved in a research and development

cycle. Therefore, the type of risk mitigation strategies offered in an LL approach is strongly

dependent on the involved stakeholders and might change over time.

In the following chapter, possible risk mitigation strategies are listed. There are many other

conceivable risk mitigation strategies; the described risk mitigation strategies are the most

obvious risk mitigation strategies related to GIS and SDSS. As the innovation process in the

LL approach is an open innovation cycle in which it is possible to implement ideas of possible

risk mitigation strategies, and because there is the possibility that during the innovation cycle

new ideas about pest mitigation strategies are born, this list is never complete and can be

updated during the innovation process.

Possible concrete risk mitigation strategies derived from the author’s expertise in ecotoxicology

and mathematical modeling and fulfilling the mentioned requirements are visualized in figure

9.1.

As the risk caused by pesticides is mainly related to toxicity and exposure, minimizing

exposure and toxicity are the main components in the proposed risk mitigation approach.

However, healthcare also plays a role in mitigating the risk – even if exposure to toxic pesticides

has happened and a negative health effect can be observed.

Risk mitigation strategies listed in figure 9.1 can be regarded as an initial list that a stakeholder
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Figure 9.1: Possible risk mitigation strategies fitting to the described LL approach (figure generated with

R).

from the disciplines ecotoxicology and mathematical modeling can offer to the pool of possible

risk mitigation strategies at the start of an LL approach related to pesticides. The list of

possible risk mitigation strategies in figure 9.1 is non-exhaustive and was derived from the

results of chapter 2 together with the author’s expert knowledge.

In this manner, all involved stakeholders might deliver tools and possible risk mitigation

strategies from their own discipline and experience. During the operation of an LL and

the innovation cycle, the offered risk mitigation strategies are applied, evaluated, and then

removed or improved according to their usability and effectiveness.

The following chapters highlight possible low-cost risk mitigation strategies from the field of

ecotoxicology and mathematical modeling in a more technical sense.
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for less-developed countries

10.1 Introduction: precision farming and VRT

A system usable in an SDSS with the potential to reduce exposure to agrochemicals, especially

when working with GIS and remote sensing methods, is called precision farming. A special

concept of precision farming is called VRT. [GAT+11] define VRT as ”a method of applying

varying rates of inputs in appropriate zones throughout a field” [GAT+11, p. 2]. In contrast

to traditional agriculture, where inputs like pesticides or fertilizers are applied at more or

less predefined rates, the framework of VRT is used to adapt application rates to the actual

requirements of the plants within an agricultural area or farm in order to increase the input

efficiency [TB12].

There are two principal VRT methods for detecting the physiological status or requirements

of plants: sensor-based or map-based VRT. In the map-based approach, the requirements of

plants are determined by parameters visualized in maps, e.g., to determine the required nutri-

ents according to the soil properties, whereby information about soil properties are available

in a map. These maps are called prescription maps.

Within the sensor-based approach, demand is determined on the fly via a sensor that measures

indirect parameters which determine the input demand and an actuator which for example

adjusts application rates [CCC11]. Both approaches are connected with each other, as infor-

mation visualized in a map must be previously measured, mostly with a sensor. In a tighter

definition, the sensor-based approach is meant to be used when the necessary parameter is

measured and the results are directly used in nearly real time to adjust the application rate.

The visualization of data measured with a sensor is skipped.

[GAT+11] describe the map-based workflow with the following steps: The current position of

the farmer or tractor is measured via GPS, and coordinates are sent to a processing unit or
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computer with a running GIS. Then the input demand at the current position is calculated

by using information from the prescription map and the actual location. Finally, application

rate information is sent to the farmer or tractor to adjust the application rates. For the

sensor-based approach, a GPS sensor is not necessary. Information measured by a sensor

are sent to a computing unit, located with the farmer or on the tractor that computes the

suggested application rates and sends this information directly back to the farmer or the trac-

tor. Computing of the application rate must be performed in nearly real time to apply the

determined rate at the measured location.

For the map-based approach a GPS sensor and WiFi connection between farmer or tractor

and computing unit in a data center is required. On the other hand, sensors and computing

units located at the farmer are expensive and every farmer must buy such a computing unit.

For the map-based approach, different parameters describing crop health must be incorpo-

rated. In one approach, remotely sensed data gained by multispectral sensors are used to

calculate a vegetation index describing the crop health and crop coverage. Non-optimal crop

health can be attributed to one or more parameters not fulfilling the requirements of the

plant [Pla01]. Liebig’s Law of the Minimum states that the growth of plants is limited by

the scarcest resource [Lie95]. Limiting resources can be missing nutrients and moisture, sub-

optimal pH, salinity, water supply, or competition with or damage by pests [Pla01]. With

the knowledge of the actual limiting factor and the spatial variability of the crop health, it is

possible to determine spatially tailored application rates of the limiting substance.

By comparing the actual crop physiology with situations in the past in which an ideal crop

physiology is connected with a known input amount, it is possible to calculate parameters

usable for tailored crop and input management. [BRP+01] describe a method that uses a

vegetation index called Normalized Difference Vegetation Index (NDVI) and a crop model

usable for tailored input management with satisfying results. [KSAKB21] review several

approaches in which spectral images and related vegetation indices were connected with a

machine-learning method called support vector machine to determine the site or plant specific

needed nitrogen amount.

In practice, multispectral images are needed to calculate the NDVI. They are derived from

satellite images (map-based approach) or from sensors located on the tractor. The second

approach is more expensive since sensors, an automated application rate calculator, and an

application-rate mixer on the tractor are necessary, resulting in related expenses. Therefore,

it might be not appropriate for most farmers in less-developed countries. In contrast to most

140



CHAPTER 10. THE ADAPTATION OF PRECISION FARMING AND VRT FOR
LESS-DEVELOPED COUNTRIES

freely available multispectral satellite images, the resolution and, therefore, the spatial qual-

ity is much higher. Additionally, the temporal quality of data is much higher than in the

satellite-based approach, as the crop health data is used in nearly real time.

In the satellite-based approach there is a time shift between the date for which the crop health

was calculated and the date when the data is used, resulting in a lower temporal quality (chap-

ter 7.3). The time shift can be explained by the fact that satellite images must be processed

before they are usable. Therefore, physiological parameters of the crop on which the calcu-

lated application rates are based are not up to date and a change in crop physiology might

follow during the dates of crop health detection and the application date. Another advantage

of the sensor-based approach is that data for crop health can be estimated at the desired date.

The date for taking the satellite images is determined by the orbit of the satellite.

10.2 Vegetation indices derived by remote sensing

In literature there are several vegetation indices described that are derived by remote sensing,

like NDVI or Soil-adjusted Vegetation Index (SAVI). The most common used is the NDVI

[Hue88]. To estimate crop health or coverage, additional data, e.g., data about soil properties,

are not necessary. Because of the common use and existing data over time and the ease of

calculation, for which only free available satellite images are necessary, the NDVI is further

used in an approach for a possible adaptation of a risk mitigation strategy for less-developed

countries.

With the NDVI, something like the greenness of an area can be estimated by using multi-

spectral reflectance data of the crop. A strong correlation between the NDVI and several

parameters like green area coverage, photosynthesis activity, and plant productivity is ob-

served [CR97]. [BMM18] found a strong correlation between the chlorophyll content in green

leaves and the nitrogen supply.

Multispectral reflectance data of the crop can be obtained by multispectral radiometers. In

practice, they can be located on a tractor, airplane, drone, or satellite.

Definition 10.2.1 (NDVI) The NDVI is defined as:

NDV I =
rNIR − rRED

rNIR + rRED
(10.1)

whereby rNIR and rRED are the surface reflectance rate of the near-infrared and the red spec-

trum. [CR97]
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As the NDVI changes over time and space, it also has a spatial and temporal dimension:

NDV I(ω, t) =
rNIR(ω, t)− rRED(ω, t)

rNIR(ω, t) + rRED(ω, t)
(10.2)

In equation 10.2, t represents the time point at which the multispectral image was taken, and

ω the location of the plant. To calculate the NDVI, multispectral images of the vegetation

surface are used. They are taken with a multispectral sensor for two spectral ranges, the near

infrared band with a wavelength about 800nm and the red band with a wavelength about

600nm. With these multispectral images, it is possible to analyze the reflection rate of light

within the described spectral ranges from the earth surface, in the case of an agricultural

area, from the plants and their leaves [CR97]. In general, healthy plants with green leaves

have a low reflection (or high absorption) rate for light within the red spectral band, meaning

the reflection rate of light within the near infrared light is high (absorption rate is low). This

circumstance is characteristic for green vegetation. A schematic representation of typical re-

flection rates is visualized in figure 10.1.

The NDVI is a dimensionless parameter with possible values between -1 and 1, where high

positive values are a result of green vegetation with high chlorophyll content and values near

to 0 or negative show areas without green leaves [JT14]. For example, using the reflectance

values from figure 10.1 and definition 10.2, NDVI values of NDV I = 0.5−0.1
0.5+0.1 = 0.67 for the

green plant and NDV I = 0.4−0.3
0.4+0.3 = 0.14 for the plant with brown leaves are obtained.

Through this characteristic, it is possible to detect areas covered with vegetation using mul-

tispectral satellite images in a remote sensing approach. With a higher chlorophyll content,

the reflection of the near infrared light increases. A high chlorophyll content indicates that

the plant is productive and healthy [AN15a]. Within this approach, it is not possible to an-

alyze whether the coverage with green leaves is in general low or if there is a high coverage

with a low chlorophyll content. However, by comparing NDVI time series data, it is possible

to analyze if there is a deviation against the normal state; therefore, it is possible to make

assumptions about the general crop health [CR97].
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Figure 10.1: Typical reflectance rates of healthy green and brown vegetation (figure generated with Li-

breOffice Draw ; image source https://www.flaticon.com/free-icons/tree,Tree icons created by Freepik -

Flaticon).

10.3 Remote sensing-based VRT as a risk mitigation strategy

in less-developed countries

In general, inputs in agriculture, like fertilizers or pesticides, are applied with the rule of the

middle: an average application rate is applied over the whole field without considering spatial

patterns of pest pressure or nutrient supply [LTH+20]. Through the implementation of VRT,

it is possible to adjust the input of agrochemicals to the actual needed amount. In the best

case, the amount applied to the crops and the exposure of applicators can be minimized.

Because of the mentioned exposure and toxicity mitigation effects resulting from the use of

the proposed VRT system, it can be considered as a risk mitigation strategy that is imple-

mentable in the described LL approach. To use it in countries characterized as less-developed

countries, some adaptations must be made in contrast to the systems that are described in

the literature and that are appropriate for use in industrialized agriculture.

In the literature, several use cases are described – most of which are for use in industrial-

143

https://www.flaticon.com/free-icons/tree


CHAPTER 10. THE ADAPTATION OF PRECISION FARMING AND VRT FOR
LESS-DEVELOPED COUNTRIES

ized agriculture – in which tractors and high-tech equipment are used and the necessary IT

infrastructure is available [WRL+14, SAB+13, RECO15]. As the agricultural workflow in

less-developed countries is different than that in developed countries, such as decreased use of

machines or tractors and limited IT infrastructure, the described approach must be adapted

to the situation in less-developed countries.

[GT20] describe the economics of the precision farming approach. As used in industrialized

agriculture, the approach is connected with investment for the upgrade of the agricultural

equipment and for data generation, such as investment for sensors, aerial pictures, or soil

property data. As mentioned earlier, the approach described in this thesis deals explicit with

less-developed countries and the inherent characteristics, such as under-developed agriculture

and limited monetary resources. Therefore, the approach must be adopted to less-developed

countries. With respect to requirement R3.1 (Section 9.1), data generation methods that

could be adopted for a VRT approach might be:

• the use of low-cost or free available satellite data, e.g., Sentinel Online [Age15b],

• the use of low-cost technical sensors, e.g., soil properties with mobile phone [ADCG16],

• the use of humans as sensors in a crowdsourcing approach, e.g., pest observation and

crop health,

• the use of low-cost equipment for aerial pictures, e.g., drones [DDVG+19], and

• automated algorithms for application rate determination with open-source software.

These measures aim of reducing the expenses for data generation needed to estimate the

tailored application rates. However, free available satellite images have a lower resolution

than satellite images for commercial use. The lower resolution of the satellite images also

means that the resolution for the generated application-rate recommendation maps is lower

than those intended for commercial use. The use of human sensors, for example, in a citizen-

science approach, incorporates the subjectivity of human beings. Sampling and monitoring

methods must be standardized.

[GAT+11] and [JŠZB15] describe VRT approaches usable in industrialized agriculture. This

approach is visualized in figure 10.2. In this approach, the modern ICT and agricultural

equipment used is associated with high investment costs for the farmers, which might often

not be affordable for farmers in less-developed countries.

Adaptations to the described approach to the situation in less-developed countries must be
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in the field of reducing investment costs (requirement R3.1). Some of these adaptations for

use in less-developed countries might be:

• making use of available systems for data delivery (e.g., mobile phone, paper-based data

delivery) instead of visualization units on tractors,

• using manual mixing instead of an automated mixing unit, and

• proposing alternative pest management strategies or less-toxic pesticides.

Small-scale farmers often do not use machines like tractors; a lot of work is done by hand

[OO15, AOOWKS10]. In these cases, it is not possible to implement a system with high-tech

equipment, as visualized in figure 10.2. Figure 10.2 shows an example of the setup for the

sensor-based approach. A sensor is located on the tractor, and information from the sensor

is sent to a controller and processor unit to determine application rates on the fly. This

information is next sent to a variable rate drive, which adjusts the nozzles in a way that the

desired application rates are released to the plants. A low-cost approach with a Raspberry Pi

as a computer unit and two cameras is described in [SVCCL23].

The setup of a tractor for the map-based approach is different. Instead of a sensor or camera,

a GPS unit on the tractor and a WiFi connection to a server, on which the prescription maps

are stored, are needed. The actual location of the tractor is measured via a GPS sensor on

the tractor, and the actual location is then sent to the server unit. Within the server unit,

information about proposed application rates is gained by the actual location of the tractor

and the information stored in the prescription maps. The actual application rate is then sent

to the processor unit, which adjusts the nozzles of the spraying equipment. Information about

actual crop health is gained through remote sensing with multispectral images from satellites.

Even if tractors are available, such a system is connected with high investment costs, and

therefore, it might not be appropriate for less-developed countries. Instead of a computing

unit connected with the nozzles and an automated mixing unit, a system for less-developed

countries must be adapted to use existing equipment for data delivery or to adjust application

rates manually.

A possible solution for the use in a hand-application approach might be that the needed data,

e.g., a map of the farmer’s fields together with data about proposed application rates and

other information needed and described in section 10.3, are delivered to the user via existing

equipment, e.g., on a cell or mobile phone with graphical output, on a desktop computer with

a printer, or, if no digital source is available, on paper.
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Figure 10.2: An example of high-tech VRT-systems on a tractor. Figure a) represents the map-based

approach, and figure b) the sensor-based approach according to [GAT+11] (figure generated with LibreOf-

fice Draw, image source: https://freesvg.org/farm-tractor-with-planter-vector-graphics Free SVG,

https://openclipart.org/detail/6024/cartoon-computer-and-desktop OpenClipart created by DTRave).
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Investment costs for an automated mixing unit can be saved by mixing the agrochemicals

manually. There is a larger effort to adjust the application rate according to the spatial

variation. Continuous variation, which is possible with an automated mixing and adjustment

unit, is nearly impossible. Developing methods to adjust application rates at manual hand

bumps might be an approach in the innovation cycle in the LL.

Overall, the benefit of the satellite-based approach is limited in comparison to the sensor-

based approach; however, it is more likely that the satellite-based approach is affordable for

people with limited financial resources.

10.4 Remote-sensed data derived from satellite images

Multispectral satellite images usable to calculate the NDVI are available for free, e.g., pro-

vided by National Agriculture Imagery Program (NAIP) [oAFSAF15] or the Landsat program

[AN15b]. Commercial multispectral images, such as data from the Advanced Very High Res-

olution Radiometer (AVHRR) with a sensor located at National Oceanic and Atmospheric

Administration (NOAA)’s Polar Orbiting Environmental Satellites (POES), have a higher

frequency of image taking, but the data is not available for free.

Landsat is a joint program of National Aeronautics and Space Administration (NASA) and

United States Geological Survey (USGS) aimed to generate satellite images of the Earth’s

surface. The first satellite of the program was launched in 1972; the most recent satellite

within the Landsat program is the Landsat 9 satellite [AN15b]. With images taken by Land-

sat satellites, it is possible to ”track land use and to document land change due to climate

change, urbanization, drought, wildfire, biomass changes (carbon assessments), and a host of

other natural and human-caused changes” [Sur15c].

A low-cost VRT approach is demonstrated in the present chapter in which satellite images

taken by Landsat 8 are used. Landsat 8 has sensors with which it is possible to get images

from eight different spectral bands from thermal infrared up to the visible spectrum, with

original resolutions of 15 m × 15 m down to 100 m × 100 m per pixel, depending on the

sensors and the waveband.

Satellite images from two bands taken by the Landsat 8 satellite are visualized in figure 10.3,

a) represents Band 4 and b) represents Band 5. If data from Landsat 8 is used, Bands 4 and

5 are needed to calculate the NDVI. Data is expressed in a unit called digital number. This

approach is used because data from different sensors with different calibrations are taken, and
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with this unit it is possible to combine them. The unit digital number can be easily converted

into the usually used units Top Of Atmosphere Radiance or Top Of Atmosphere Reflectance

[Sur15b].

A true-color satellite image merged of three bands representing the spectrum of the visible

Figure 10.3: Spectral satellite images from Landsat 8 of a part of Central America taken on August 29th

2015, a) Band 4, visible red, wavelength 0.64 - 0.67 µm, resolution 30 m b) Band 5, near-infrared, wavelength

0.85 - 0.88 µm, resolution 30 m. For better visualization, only values in the range of 0 - 98% of the maximum

value are visualized. Values are expressed in the unit provided by the NASA called digital numbers.

(figure generated with QGIS, Level 1 geoTIFF file, Landsat Scene Identifier LC80190512015241LGN00, source:

[Exp15]).

light (Band 2: blue, 0.450 - 0.51 µm; Band 3: green, 0.53 - 0.59 µm; Band 4: red, 0.64 - 0.67

µm) is visualized in figure 10.4.
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Landsat 8 covers the whole Earth and passes every location on the Earth’s surface nearly ev-

Figure 10.4: True-color satellite images from Landsat 8 of a part of Central America, taken at August 29th

2015.

(figure generated with QGIS, Level 1 geoTIFF file, Landsat Scene Identifier LC80190512015241LGN00, source:

[Exp15]).

ery 16 days. Within the Landsat program, a second satellite (Landsat 7 ) was still in operation

with the same orbit as Landsat 8 but shifted for eight days. Therefore, images derived from

the Landsat program were only available with a gap of eight days [AN15b]. The quality of

data estimated with the satellite-based approach is also dependent on atmospheric conditions,

as clouds and aerosols are obstacles and disturb the measured reflected amount and lead to

wrong assumptions [VSKD97]. However, there are different methods available to produce

cloud-free images, as explained in more detail in section 10.5.

10.5 Processing of satellite images to derive vegetation indices

Depending on the source of the satellite images, it might be necessary that the used images

be preprocessed to calculate vegetation indices such as the NDVI. These steps are described

in the following section.

Satellite images as, e.g., provided by the NASA, must be processed for different reasons:

Data usable for calculating the NDVI must be expressed as the reflectance rate at ground.

However, original data sampled by sensors located on a satellite or airplane do not represent
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the reflectance rate or the radiance at ground because atmospheric conditions, such as molecu-

lar and aerosol scattering and gaseous absorption, influence the radiation before it is detected

by the sensor, therefore, values sampled by airplanes or satellites describe a parameter called

top of atmosphere reflectance or top of atmosphere radiance [VESJ02]. As a result, an at-

mospheric correction must be performed to calculate necessary indices. An additional reason

for image processing is that multi-spectral data provided by NASA is, for example, expressed

in a unit called digital numbers [Sur15b]. To calculate a vegetation index, these numbers

must be converted into a value representing the top of atmosphere radiance or directly with

a atmospheric correction into the surface reflectance.

There are different correction algorithms described for atmospheric correction. Some of these

methods need additional data measured at the ground, e.g., the visibility at ground [VTD+97].

There are also methods available for which ground data is not necessary. These methods can

estimate an offset of radiance decrease by recognizing the darkest pixel and calculating this

offset back from the original data. These correction methods have a lower correction quality

in general than the methods using ground data [DT17].

Which correction method is used depends on the available data. If ground data is available,

it makes sense to use the more complex methods because of the higher quality of the results.

Different algorithms for satellite data processing, e.g., to calculate the reflection at ground

(with atmospheric correction) or to top of atmosphere radiance, are available in open-source

GIS methods implemented that use original uncorrected and unprocessed Landsat satellite

images expressed in digital units , e.g., in GRASS GIS 7 (figure 10.3). An algorithm to

convert information expressed as digital numbers without atmospheric correction into top of

atmosphere radiance or top of atmosphere reflectance or with implemented atmospheric cor-

rection algorithm into a value describing the surface reflectance or surface radiance (command

i.landsat.toar) are implemented. Within this command, several versions of a correction al-

gorithm called dark-object subtraction (DOS) are implemented [Tea15]. For these correction

algorithms, additional data is not needed, and the offset radiance or reflectance is determined

by the assumption that in every satellite image with a high probability pixels are in with zero

reflectance. The reflectance of the darkest pixel is, therefore, regarded as the offset radiance

or reflectance [Cha88]. As mentioned earlier, these correction algorithms do not need addi-

tional ground data, which may not be always available especially in less-developed countries.

Therefore, such correction algorithms can be used everywhere, keeping in mind the relative

low quality.
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Another GRASS GIS command called i.atcorr calculates the surface reflectance or surface ra-

diance from top of atmosphere reflectance or top of atmosphere radiance. With this command,

an atmospheric correction based on an algorithm called Second Simulation of the Satellite Sig-

nal in the Solar Spectrum (6S) [Tea15] is implemented. To perform the 6S algorithm, data

measured at the ground is necessary, inter alia, the visibility at the ground, temperature,

pressure or aerosol concentration [VTD+97].

Topographical and sun illumination correction are additional steps that must be performed.

Topography has an influence on the parameters measured by multispectral sensors located on

satellites. The terrain slope itself has an influence on the measured parameter, as a surface

directed toward the sun appears brighter in contrast to an area directed away from the sun.

Additionally, the position of the sun compared to the Earth’s surface, as well as the location

and geometry of the sensor and the surface influences the reflection rate in which the reflection

rate influenced by the mentioned parameters, is also dependent on the terrain slope [HF83].

To minimize these influences and get information comparable with data for other areas and

different topology, such a correction must be performed [Tei86]. However, some satellite data

available for free are topographical corrected [Sur15a], such as the Landsat Level 1 products

used in this section. There are open-source methods available for topographical uncorrected

data, such as the GRASS GIS command i.topo.corr, which performs a topographical cor-

rection on satellite images describing the reflectance, with an implemented sun illumination

terrain model. Data needed for this correction method are a digital elevation model (DEM),

and parameters describing the position of the sun against the Earth’s surface, such as the solar

zenith and the solar azimuth [Tea15]. Data describing a DEM are partly available for free in

a GIS usable format, e.g., data from NASA’s Shuttle Radar Topography Mission (SRTM) are

published as open data and available for areas with a latitude between -60 °and + 60 °for free

[NAS15b] or the Global Digital Elevation Model (GDEM) collected by NASAs Advanced Space-

borne Thermal Emission and Reflection Radiometer (ASTER) [NAS15a]. Data about the sun

position at the date when the image was taken is either delivered by the image providers,

e.g., for Landsat images in a metadata file or can be calculated with an open-source GIS, e.g.,

with the command r.sunmask in GRASS GIS [Tea15].

An additional image processing step might be the interpolation of values for areas covered

with clouds. Clouds act as an obstacle; therefore, reflection or radiance values obtained from

cloudy areas represent the reflection or radiance from the cloud surface. To obtain values for

areas covered with clouds, it is necessary to identify clouds and to remove values from cloudy
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areas or to mark them as not available.

In GRASS GIS, a command called i.landsat.acca is implemented that performs an automated

cloud cover assessment based on an algorithm described in [IBGA06] for Landsat images.

Clouds are identified by the fact that they are colder than the surface area. Therefore, a band

representing the temperature is needed, as implemented in the Landsat Level 1 datasets. The

described GRASS GIS module must be adjusted for Landsat 8 datasets, and band numbers

are selected according to the file name pattern in which the band number is stored. How-

ever, band numbers related to their wavelength have changed between Landsat 7 and Landsat

8 data, and a manual band number selection is not implemented in the described module

[Sur15b].

The module can be used principally for every multispectral satellite image dataset that con-

tains a thermal band but must be adjusted to the described requirements for the file names.

In each Landsat 8 dataset, an image called quality assessment (QA) band is implemented.

With this QA image, it is, inter alia, possible to identify areas covered with clouds or ice using

a slightly modified algorithm in contrast to that described by [IBGA06] or [Sur15b]. Figure

10.5 represents a map of the QA band in which the included information are summarized into

three categories: clouds, maybe clouds, and no clouds.

As clouds act as an obstacle, the reflectance values and therefore also related NDVI values of

cloudy areas must be removed for interpolation tasks. There are different methods available

to restore information lost through clouds, e.g., by time series of images and using Fourier

analysis [RMV00] or by iterative interpolation methods [JS10]. However, besides standard

interpolation methods, such modules are not implemented in the common open-source GIS.

Another method to obtain spatial NDVI information lost by cloud cover could be by combin-

ing multi-temporal images of one scene and estimating the NDVI of areas covered by clouds,

e.g., by interpolation. However, at least two NDVI values from different time points are

needed to interpolate the information. It would be also possible to use a spline interpolation

for every cell with missing values to obtain the missing values.

In the following figure 10.6, a process pipeline for the described automated processing ap-

proach for NDVI maps is visualized.
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Figure 10.5: QA band categorized into areas with clouds, maybe clouds, and no clouds, taken on August

29th 2015.

(figure generated with QGIS, Level 1 geoTIFF file, Landsat Scene Identifier LC80190512015241LGN00, source:

[Exp15]).

10.6 From vegetation indices to spatial decision support

With the steps described in the last section, information about the spatial distribution of

the NDVI and related maps can be generated with open-source software. To gain concrete

information about crop health, NDVI values of plants in the field must be compared with

reference NDVI values of plants for which the crop health is known.

For each crop, a time series of NDVI values under optimal conditions can be generated in

trials. In figure 10.7, the NDVI time series of corn plants under fertilized and unfertilized

conditions are illustrated through which the change of the NDVI within a cropping season and

between fertilized and unfertilized plants can be observed. By taking the NDVI values for the

different growth stages of a crop into account, it is possible to compile a crop calendar. By

comparing the NDVI values under optimal conditions at a given time point with NDVI values

in the field, it can be estimated if a problem with crop health exists and countermeasures
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Figure 10.6: Flowchart of the creation process for NDVI maps with GRASS GIS based on satellite images

(figure generated with draw.io).

must be taken [PO14].

However, plant physiology and the related crop calendar for optimal growth might also

have a spatial and temporal dimension, as crop growth is also connected to environmental

parameters, such as sunshine duration, precipitation etc., that have a temporal and spatial

dimension. There might also be a shift in the crop calendar between different seasons and

years. Therefore, it might be necessary to generate such a crop calendar for plants under

optimal conditions, e.g., in a trial field located within the LL in an area with similar conditions

for which the method should be used, and to adjust this calendar to the environmental weather
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Figure 10.7: Temporal change of NDVI values for corn plants within a crop season and between fertilized

and unfertilized plants (figure generated with R, source: [Zha15]).

conditions responsible for temporal shifts in plant physiology. It must be kept in mind that

each crop type has its own characteristic growth stages and that this is the reason that a

specific trial must be performed for each crop type.

It is also possible that the calibration is done by experts or stakeholders in the LL, e.g.,

that biologists identify areas within a field with an optimal crop stage, to determine the

GPS coordinates of this area and identify this area and related NDVI values in the processed

NDVI maps. However, experience and expert knowledge is needed to identify whether a crop

is healthy.

Overall, the actual NDVI value NDV I(ω, t) for each location ω with agricultural crops at time

t can be compared with the optimal NDVI value NDVIopt(A, crop, t), whereby A is subset of

Ω, a set of locations with the same environmental characteristics responsible for plant growth,

such as at the location for which spatial decision support is needed.
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For each cell or pixel of the NDVI map, a value called ∆NDVI(ω, t), describing the deviation

between the actual and expected NDVI value under optimal conditions can be calculated:

∆NDVI(ω, t) = NDV I(ω, t)− NDVIopt(A, crop, t) (10.3)

However, to use the appropriate NDVIopt value, it is necessary to have information about

which crop type is present at each location and to which climatic region the regarded location

belongs. Existing land-use data can be used as well as generated land-use data through, e.g.,

a citizen-science approach, with the local farmers as citizen scientists delivering information

about the spatial distribution of their fields and the type of crop. Where the necessary IT

infrastructure is available, the citizen-science approach (chapter 6) can be used, for example,

with a mobile app through which farmers can identify the location of their fields, mark them

in the app on a digital device, and connect them with the attributes needed, such as the type

of the planted crop or treatment in the past. An example of an open-source web app to record

pesticide application patterns in a citizen-science approach is highlighted in chapter 12.

If the treatment of a field and the environmental parameters responsible for plant growth

together with related NDVI values from a same time point in the cropping season are known

from the past, it is also possible to compare the actual NDVI values of a location with the

NDVI values in the past and gain information about the actual grade of the plant physiology.

In figure 10.8 NDVI, values calculated with images from a Landsat 8 scene over El Salvador,

taken on August 29, 2015, are visualized together with a land use map representing areas

planted with sugarcane. Figure 10.9 shows a detail of the same map with a higher zoom level.

By analyzing ∆NDVI(ω, t), statements about crop health can be made for every location ω to

inform the farmer which areas in the field must be observed with more attention or on which

areas a treatment is not necessary.

To use this information for decision support, such as suggestion of agrochemical application

rates in relation to the location, more information is needed, e.g., which is the factor re-

sponsible for non-optimal crop health. According to [MS13], non-optimal crop health can be

attributed to several factors, e.g., a lack of water or light, nutrients, pH value, or damage

or competition from a pest. The importance of identifying the limiting factor in order to

increase the plant physiology was first described by the German chemist Justus von Liebig in

his most notable work ”Die grundsätze der agricultur-chemie mit rücksicht auf die in England

angestellten untersuchungen” [vL55], published in the middle of the 19th century. The growth

of plants is limited by the resource that is proportionally the most limited. Growth cannot

be increased by adding additional resources despite the limitations. In the situation of equal
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Figure 10.8: NDVI values calculated for a scene over El Salvador and a land-use map representing ar-

eas planted with sugarcane (figure generated with QGIS, Level 1 geoTIFF file, Landsat Scene Identifier

LC80190512015241LGN00, source: [Exp15]; land-use map: Instituto Nacional de Salud El Salvador).

supply of atmospheric resources such as water or sun, growth is directly related to the supply

of nutrients. Liebig’s law is related to the supply of nutrients. However, for the described VRT

approach, it is extended to all factors responsible for plant growth or, conversely, responsible

for diminished plant growth. To adjust the agrochemical input to the needed amount, it is

necessary to identify the factor responsible for the non-optimal growth.

To identify the limiting factor, sensors or expert knowledge are needed. The expert knowl-

edge of educated farmers can be used, e.g., to detect pests that might be responsible for the

non-optimal crop health or to analyze whether precipitation was enough for the crop-type of

plants or if pest pressure is too high for the regarded crop. These factors are more or less

visible and can be analyzed without a sensor; however, expert knowledge is needed and must

be considered in the stakeholder selection process in the LL (section 5.3.2.2).

Other limiting factors, such as insufficient nutrient supply or an unsuitable pH value, can

be only measured with sensors. Due to the characteristics of less-developed countries with

limited financial resources, the sensors needed to identify the limiting factor must be in the

range of low-cost sensors and usable with equipment, available in the LL.
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Figure 10.9: NDVI map for a scene over El Salvador and a land-use map representing areas planted with

sugarcane with a high zoom level (figure generated with QGIS, Level 1 geoTIFF file, Landsat Scene Identifier

LC80190512015241LGN00, source: [Exp15]; land-use map: Instituto Nacional de Salud El Salvador).

With modern machine learning methods, such as a support vector machine, it is possible to

determine the site or plant-specific nutrient amount needed based on multispectral images

[KSAKB21].

Precipitation can be measured on a daily basis, e.g., by installing a low-cost rain gauge as

proposed in [Sen12]. In terms of a low-cost solution, such a rain gauge can be created by using

an empty bottle from which the base has been removed and whose surface area and volume

are known. By emptying the rain gauge at a given time interval and recording the volume, it

is possible to estimate the precipitation rate and compare it with the needed amount of the

plant.

The detection of pests must be done manually, e.g., by observing the plants and fields man-

ually to detect possible pests, herbs, or fungi. Expert knowledge is needed to identify the

pests, which might be a problem in less-developed countries where farmers sometimes have no

or only little agricultural education. If IT infrastructure is available, tools for pest detection

for electronic devices can be used, as proposed in a presentation by [RE14]. [PPG14] and

[WC13] have described tools for mobile apps for pest identification. They are based on the
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principle that images of the pest or affected plant material or a description of the pest are

taken and sent to a specialist to identify the pest. However, such tools are not available for

all pests and are not currently fully implemented.

[GRLRM+13] have described a smartphone app with which it is possible to estimate the soil

color according to the Mansell system. It is possible to derive soil characteristics such as the

humus content of a soil from soil color. The color is detected from soil images taken by a

smartphone.

However, some of the parameters might not be measurable with a low-cost solution. Addi-

tionally, in some cases, it might not be possible to identify the factor responsible for spatial

diversity in plant growth, or the reason could be multifactorial.

To give decision support in terms of proposed application rates, type of substance, and time

point of application, stakeholders from the agricultural sector must be involved in the LL

approach. Their expert knowledge can be implemented in an SDSS, for example, an FLC

as described in section 16.2.4. Additionally, machine-learning methods with supervised-

learning methods can be used to estimate the site-specific nutrient amount, as demonstrated

by [KSAKB21].

An SDSS can help to adjust the field management to the needs of the farmer; however, addi-

tional information is needed. Personal health history decides which agrochemicals should be

avoided according to the health status of the farmer, e.g., agrochemicals harming the kidneys

should be avoided by farmers with CKD. The finances and time available for field manage-

ment can help to determine the most appropriate method, e.g., hand weeding, a time-intensive

method related with low expenses, can be recommended if it can be done by the owner of the

field himself or for farmers with low monetary resources but a lot of free manpower.

Additionally, meteorological and behavioral data from the farmer is needed to determine the

appropriate date of application, e.g., not during rainfall or when people are located next to

the field on which the agrochemicals are applied. If it is not possible to give concrete appli-

cation rates to the farmer, the farmer should be informed about fields with a abnormal plant

physiology.
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10.7 Interim conclusion

In the last section, the framework of VRT and precision farming was adapted to the conditions

in less-developed countries. Data used for the described low-cost approach as well as necessary

software tools for data processing and generation are available for free, and needed geospatial

methods for satellite image processing are implemented in existing open-source GIS. This

takes requirement R3.1 (section 9.1) into account in that people living in less-developed

countries must deal with limited financial resources.

Image processing to derive the NDVI was demonstrated with methods implemented in GRASS

GIS. IT infrastructure needed for image processing, storage, and delivery should be available

in an LL approach as discussed in chapter 17.

Additionally, the equipment required to use the information about appropriate application

rates can be adapted to the characteristics in less-developed countries, e.g., it is not necessary

to have a tractor with a integrated computing unit, an automated adjustable nozzles, and

an application rate mixer, for which farmers with limited economic resources would hardly

have use. Regarding R3.2, people must be trained to use the equipment and related software

tools, for example a web app or a GIS tool.

The spatial and temporal quality of information within the described approach is lower than

in approaches with high-tech solutions, e.g., with a sensor on the tractor it is possible to

use nearly real-time information without the given limitations when using satellite images

where a time shift between image recording and delivery can be observed, resulting in a low

temporal quality. Additionally, the spatial resolution is much lower than in the tractor-located

approach, analysis of the NDVI of a single plant is nearly impossible (figure 10.9).

Despite the lower temporal and spatial information quality, the information obtained by the

NDVI is helpful in the sense of recognizing deviation patterns in crop health with the ability

to initiate appropriate countermeasures or have an overview of the plant conditions in a given

area and, therefore, adjust application rates to the real conditions of plants in contrast to a

given regular predefined application rate. This helps to fulfill R3.5 by having the obvious

benefit that the used pesticide amount and therefore money can be reduced.

Implementing temporal data, such as weather conditions and daily human behavior, helps to

minimize the exposure of farm workers, for example, by avoiding inefficient applications caused

by unfitting weather conditions. To implement such models in an SDSS, expert knowledge in

the field of agriculture must be available in the LL.
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Problems might occur through bad quality or missing input data, e.g., it is hard to find land-

use data with a high spatial quality of information. Figure 10.8 shows an example of a map

with land-use data obtained from an agency in El Salvador. A spatial shift of the land use

data is obvious and may be related to incorrect geospatial processing techniques. The example

in figure 10.8 demonstrates that there are regions within the areas planted with sugarcane

that have completely different NDVI values despite the fact that, according to the land cover

map, all the marked areas should have an NDVI indicating that similar vegetation is there.

Reasons for the deviation might be that the used land-cover map is from a different date than

the satellite images and, in the meantime, other crops are used with different NDVI values,

or that crops were destroyed in some areas due to pests pressure or other stressors.

However, the last-mile problem must be considered. The information that must be delivered

to the farmer has a spatial component, and the different application rates must be visualized,

e.g., on a map. Therefore, an electronic device with a display with the ability to visualize

maps is required.

The described methods and components can be connected to a working system usable and

implementable in an LL. The concrete realization, evaluation, and adjustment of the methods

and models is a task for the research and development cycle in the LL.

.
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To estimate the exposure to pesticides, for example, for ecosystems or organisms in the en-

vironment, it is necessary to have information about the released amount of pesticides into

the environment. In the following section, a method is described for how pesticide applica-

tion maps can be created through which the amount and type of pesticides released into the

environment by agriculture can be estimated.

In an unpublished diploma thesis [Rap11], a similar method to create such maps for pesticides

belonging to the substance group insecticides was used. Part of this thesis is the creation of

such maps for substances belonging to the groups herbicides and fungicides. The method for

how to create such maps is described in more detail in the mentioned diploma thesis.

The difference between the diploma thesis and the method described in this thesis are in the

software used. For the diploma thesis, proprietary software was used, and for this thesis,

exclusively open-source software is used. Additionally, a adapted model for African countries

described in section 11.1.3 was exclusively used in the present thesis.

11.1 Methods

11.1.1 Software used

The software used for the following steps are released under free or open-source licenses.

For this part of the thesis, several open-source GIS were used: GRASS GIS, QGIS and SAGA.

Most of the described steps for spatio-temporal calculations and for conversions between raster

and polygon files were performed with GRASS GIS versions 6.4.3 up to 7.0.0. In addition,

SAGA version 2.1.0 was used for some conversion steps that could not be performed with

GRASS GIS because of missing or unknown conversion modules. The maps presented in this

thesis were laid out with QGIS versions 2.2 and 2.4.

Statistical analysis and related figures presented in this chapter were performed and created

with the software package R version 3.0.2.
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The office software suits Apache OpenOffice and LibreOffice, specifically, the spreadsheet and

database management applications Calc and Base, were used for the preparation of raw data

and for steps that had to be performed with a database management tool.

Most of the steps described in the following parts had to be repeated several times with dif-

fering parameters. Scripts were used in which rules for the use of the different parameters

for spatio-temporal calculations and conversions are described. GRASS GIS has an inte-

grated shell for the programming language Python. The scripts used for the calculation and

conversion steps were written in Python version 2.7.9.

11.1.2 Used external maps and their modification

For different steps, a world map of the type of a GIS layer was required. Because of origin

of the data for the harvested area was from the year 2000, it was decided to use a world

map with the states and geographic boundaries from around the year 2000. A world map

in shapefile format provided by the Geo Data Portal of the United Nations Environment

Programme (UNEP) [Pro11] was used. The geographic boundaries refer to the year 1998.

The file consists of different polygons representing the different countries, and the name of

the country is stored in a related attribute table.

To use a database for the application rates with a granularity down to the states of the USA

without the loss of the spatial resolution the area of the USA, the world map used should

consist of the different national states. Therefore, the polygon representing the USA was

selected and deleted from the UNEP shapefile.

For the federal states of the USA, a shapefile provided by the United States Census Bureau was

used [Bur11]. Both maps were loaded into a GIS and merged with the GRASS GIS command

v.overlay whereby the logical operator OR was selected. Figure 11.1 shows the resulting world

map. To create maps visualizing the spatial distribution of the agriculture-related applied

pesticide amount with the following approach, data was needed that represented the spatial

distribution of areas used for crop cultivation. A raster dataset, described in the publication

[MRF08], was used as a base for determining areas of agricultural crops or crop groups. The

dataset can be downloaded from the internet for free and originally consists of 175 raster layers

for 175 crops or crop groups, with the attributes of the raster cells representing the ratio of

the cell area on which the related crop was harvested in a resolution of 5 arcmin× 5 arcmin,

resulting in grids consisting of 2160 rows, 4320 columns, and 9331200 cells. An example of

such a raster layer is illustrated in figure 11.2.

163



CHAPTER 11. CREATION OF PESTICIDE APPLICATION MAPS

Figure 11.1: Created world map (figure generated with QGIS and GRASS GIS, sources: [Pro11] and

[Bur11]).

This dataset was created based on data published by the Food and Agriculture Organization

of the United Nations (FAO), e.g., from the project Agro-MAPS, for the years around the

year 2000 for 206 countries. If data for the year 2000 was not available in the primary used

FAO data, the authors took data from years adjacent to 2000 for the creation of the raster

dataset [MRF08].

As the intention of the described work was to visualize the spatial distribution of pesticide

application, layers related to crops without described pesticide use were not used in this

work. Additionally, some crops could not be implemented in this work because of undescribed

pesticide application patterns and rates. Overall, from the original dataset described by

[MRF08], 129 crop layers were used for this work. In relation to pesticide use, the most

important crops were integrated in this work.

For most calculations, raster layers representing the harvested area expressed as an area value

in ha or km2 were needed. Therefore, the original raster layers with cell attributes representing

the ratio of the harvested area of a crop in relation to the cell area were transformed into

layers, representing the area in ha. The original layers were multiplied with a raster in which
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Figure 11.2: Sample map representing the proportion per cell of the area harvested with wheat (figure

generated with QGIS, source:[MRF08] ).

the cell values represent the overall cell area. For this work, a cell area grid was used that

was provided by a working group of the University Frankfurt [Fra11], in which the cell area

in ha was stored for the used geographical latitude / longitude projection.

The absolute crop area aMcropped absolute(r, c, crop) for a cell in row r and column c for a crop

can be calculated with the following equation:

aMcropped absolute(r, c, crop) = acell(r, c) · qMprocentual(r, c, crop) (11.1)

whereby acell(r, c) refers to the absolute cell area, stored in the cell area grid, and qMprocentual(r, c, crop)

to the percentual crop area, as provided in the original [MRF08] dataset.

The cell area grid and the raster files in which the cell values represent the harvested area in

percentages were multiplied with the GRASS GIS command r.mapcalc. This command was

also used for the following calculation steps for raster files.

During the use of the [MRF08] dataset and comparison with additional data, e.g., FAOSTAT

(Food and Agriculture Organization Corporate Statistical Database) [FD11a], it became ob-

vious that in part, there were large deviations between the data used in the mentioned GIS
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raster dataset and additional external data, e.g., statistical data published by FAOSTAT and

other databases and reports published by national and international agencies.

To gain an overview of the deviations between the harvested area values used in the [MRF08]

dataset and other, more reliable datasets, e.g., published by FAOSTAT [FD11a], the har-

vested area raster layers had to be processed to get comparable values. The data provided

by [MRF08] did not contain data about the harvested area per crop and country or a cell

attribute describing the name of the country to which the raster cells belong and with which

it would be possible to calculate the harvested area per crop and country. As the FAOSTAT

data [FD11a] is expressed in harvested area per crop, country, and year, the data provided

by [MRF08] were also transformed in these units in order to compare the values.

The following procedure describes how to derive the harvested area per crop and country

and was performed for each crop layer. The first step of the aggregation was performed by

transforming the raster layers into vector files with the SAGA command gridvaluestopoints

and the option nodes as type in which, for each crop, the raster layers were transferred into

vector files consisting of points. In the attribute table of the created point vector files, the cell

attribute value, in this case the absolute crop area in ha, was saved. Conversion from raster

data into vector point data was necessary because of the characteristic of raster data, which,

in contrast to vector data, only contain the values of one attribute. With vector data an at-

tribute table is connected with the option to assign more than one attribute to an object. For

the current work, the harvested area per cell and the name of the country the cell or point lies

within was assigned to each point. The created vector files also contained points for which no

value were available or for which the harvested area was 0. To reduce the needed data space

and also the needed time for calculations, all points with no value or with a value of 0 were

removed from the original vector files with the QGIS command Extract by attribute. In the

next step the vector layer representing a world map with a connected attribute representing

the country name of each polygon was loaded into QGIS and spatially joined with the created

point vector files. This command is not included in GRASS GIS ; therefore, the open-source

GIS tool SAGA with the command addpolygonattributestopoints was used for this step. As

a result of this step, the name of the country it is lying in was assigned to each point of the

created vector file.

The aim of the following step was to sum up the attribute values representing the harvested

area per cell or point in relation to the country in which it lies for each crop. As a result of this

step, the harvested area per country and crop according to the data published by [MRF08]
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was determined. This step was performed with the open-source database management tool

LibreOffice Base. A copy of the database file in dbf format of each point shapefile created in

the previous step for each crop was imported into the described database management tool.

An SQL-query in the type

SELECT ’countryname’, sum(’cropedarea’) FROM ’shapefiletabel’ GROUP BY ’countryname’

was used to sum up the harvested area for each country. As this step was performed

for all crops regarded in this thesis, the harvested area in relation to crop and country

aM (crop, country) was obtained.

For 24 points or cells with an overall agricultural area of 26977ha, a country name could not

be assigned to due to the fact that these points, representing the center of the originally raster

cells, do not lie within the borders of a polygon of the created world map, which represent

countries. This may be due to different reasons, e.g., through the loss of accuracy and reso-

lution in the conversion between polygon to raster files.

In the next step, the harvested area per crop according to the data published by [MRF08]

aM (crop, country) was compared with values for the harvested area from external databases

aref (crop, country) for the year 2000. As the external database for countries besides the USA,

a database published online by the FAO, which is called FAOSTAT [FD11a], was used. In

this database, only crops for human consumption are implemented; the values for crops not

implemented in the FAOSTAT database, such as food crops for animals, were not changed

in the original raster files published by [MRF08]. As a reference value for the harvested area,

the arithmetic mean of the harvested area values for the years between 1997 and 2003 for

available crops and countries were calculated. For the correction procedure for states within

the USA, harvested area values were used published in the National Pesticide Use Database

2002 (NPUD 2002) for the year 1997 [CF]:

aref

 crop

country

 =



aNPUD2002


crop

state

year

 USA, year = 1997

1
7

2003∑
year=1997

aFAOSTAT


crop

state

year

 , countries besides USA

(11.2)
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To derive the deviation between aref (crop, country) and aM (crop, country) a value further

called ∆a(crop, country) was calculated for each crop,country combination:

∆a(crop, country) = aref (crop, country)− aM (crop, country) (11.3)

If the value in the Monfreda files was smaller, the percentage was calculated, and the planted

area was decreased, with the calculated amount in every cell where the crop was planted. For

each crop layer, a set of cells Ccrop can be defined for which the cell attribute, in this case the

harvested area per cell, is greater than 0.

If the value in the external data was larger than that calculated from the Monfreda files, it

was decided to distribute the difference between these values to all cells where, in general,

planted areas from crops used in this work are located. More details are published in the

diploma thesis.

acor


r

c

crop

 = (1 +

∆a

 crop

country


aref

 crop

country

 · aM


crop

r

f

 ∀ crop ∈ C ∧ country ∈ D (11.4)

In equation 11.4, C represents the set of crops and D the set of countries regarded in this

step.

With the last step for each crop, a corrected raster file was created that represents the planted

area per cell for the selected crops and is further used as the basis for spatial data for the

used model.

The corrected raster files, a table with the implemented crops and data to correct the original

files are provided in S2 in the online gitlab repository under the following uniform resource

locator (URL): https://gitlab.rlp.net/jrapp1/dissertation.

11.1.3 Data used to calculate yearly application rates per crop and country

In general, large parts of the data sources used to calculate yearly application rates were the

same as those used in the diploma thesis. For states within the USA, application rates were

calculated with values derived from the NPUD 2002 published for 1997 [CF]; for countries

belonging to the EU, values published by Eurostat in the reports [otEU07] and [otEU14]

were used. South Africa data, such as the yearly applied amount of pesticides in relation to

substance group and crop and for the planted area, was obtained from an unpublished data

source and provided by a market research institute.
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For everyday crops for African countries (with the exception of South Africa), the application

rates like those described in the publication [fIDU94] were used.

A detailed description of the used data and databases published by [fIDU94], [CF],[otEU14]

and [otEU07] can be taken from the diploma thesis. The mentioned unpublished database for

South Africa consisted of data about the applied substance amount for fungicidal, insecticidal,

and herbicidal substances for 26 crops for 2009 and the harvested area of each crop.

To reduce the created data and have a better overview of the results, the following GIS-

based calculations were performed with application rates not related to a single substance

but with application rates for substance groups. Each substance group consists of a set of

substances. Therefore, each substance was grouped into a substance group, as suggested

in the classification scheme used in [otEU07]. However, in this classification scheme not all

substances used in the databases are implemented, e.g., substances not allowed in the EU.

These substances were classified according to the classification as suggested in [Cou11]. To

derive the applied amount in relation to the substance group, all applied amounts of substances

belonging to one substance group were totaled.

Data published in [fIDU94] was partly expressed as applied formulation amount and was

available for Zimbabwe, Kenya, and the Ivory Coast. To derive the applied amount expressed

in active ingredient (a.i.), conversion factors from free, available safety data sheets of the

regarded formulations were used.

With the exception of the data source published in [otEU07], direct application rates expressed

as applied amount per area, as needed for the calculations, were not available, but data were

available to calculate this value. Data published in the mentioned publication described

the applied amount q(crop, substance, country) per crop, substance, and country or state.

Additionally, with the exception of [fIDU94], the harvested area ha(crop, country) of each

crop was also provided in the database and was used to calculate the value for the applied

substance group amount per area. To calculate this value for countries published in [fIDU94],

harvested area data published by FAOSTAT [FD11a] was used.

With this data the application rates p


crop

country

substancegroup

year

 expressed as a value in the format
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applied amount per area can be in general calculated as follows:

p


crop

country

substancegroup

year

 =

∑
substances∈

substance group

q


crop

country

substance

year



a


crop

country

year


(11.5)

For European countries outside the EU, the mean application rates of all EU countries; for

Canada, the arithmetic mean of the application rates for states belonging to the USA were

used. For countries outside Africa, the USA and Europe, the arithmetic mean of the EU and

USA application rates were used.

The results of the diploma thesis for insecticides showed that the used model fits well when

compared with published values for the yearly applied overall pesticide amount with the

exception of African countries. In most African countries, agriculture is not as industrialized

as it is in most of the rest of the world, e.g., characterized by high labor input and low yields

[Mil15]. In general, due to financial limitations and market reasons, in African countries, the

use of agrochemicals and pesticides are not as common as in the industrialized world [McD09].

Additionally, pesticides are mostly used for crops intended for export or so-called cash crops

[NBL03].

Therefore, for African countries a different model for the calculation of the application rates

was used. Application rates were adjusted in relation to the ratio of exported crops with

the assumption that in the group of non-everyday crops only exported crops are treated with

pesticides. For these crops, it was necessary to calculate the ratio between the exported uexp

and the produced amount of a crop uprod. In this model, it is assumed that the ratio between

the exported and the produced amount is the same as between the area in which the crops

for export are and the overall area per crop and country.

To calculate the exported amount per country for all crops, two databases from FAOSTAT

were used. In the first database, the produced amount of a crop

uprod


crop

country

year


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expressed in t or kg per country and year is published [FD11b]. In the second database,

export quantities in kg or t

uexp


good

country

year


of agricultural products are listed [FD11c]. With the help of the second database, the exported

amount of each agricultural crop implemented in the described framework can be calculated.

As also processed agricultural goods are exported, it was necessary to convert the amount of

the exported agricultural good

g


good

country

year


into a value, describing the input amount of a crop which is necessary to produce the exported

amount. If available, conversion factors γ(crop, good) for an agricultural product and the

weight of the output were used to calculate the input amount of the agricultural crop to

produce the goods, e.g., a conversion factor between the weight of apples needed to produce

one liter apple juice. The needed input value of a crop to produce the exported amount of the

agricultural product can be calculated as the sum of the product between conversion factor

and exported amount of a good with the following equation:

uexp


crop

country

year

 =
∑

goods ∈
crop−good−list

γ

crop

good

 · g


good

country

year

 with year = 2000 (11.6)

For the export of the crop itself, the conversion factor is 1. However, such conversion factors

are often not available in scientific literature; therefore, also non-scientific sources were used to

gain such conversion factors. Such conversion factors could not be found for all products. They

were not integrated in the calculation. A table of used conversion factors and their sources

are listed in S5 in the online repository (https://gitlab.rlp.net/jrapp1/dissertation).

In the next step, the ratio

µ


crop

country

year


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between the exported amount and the produced amount was calculated:

µ


crop

country

year

 =

uexp


crop

country

year



uprod


crop

country

year


with year = 2000 (11.7)

In the used model, it is assumed that in African countries only crops produced for export

are treated with agrochemicals; therefore, the application rates for African countries were

corrected by multiplying the original application rates with the related ratio µ


crop

country

year

.

Summarizing, application rates p


crop

country

substancegroup

 were calculated according to table A.1

in Appendix A.

This correction method has different limitations, e.g., it is assumed that the produced amount

per area is the same for areas treated with agrochemicals and areas without agrochemical

treatment.

The application rates per ha and year in relation to the crop, country, and substance were

saved in a spreadsheet document in LibreOffice Calc and exported to a character-separated

values (CSV) file. As it is intended to join the CSV table to a shapefile with polygons rep-

resenting the different countries or states, it is necessary to have a common identifier for the

countries in both the application rate table and the shapefile of the world map.

Next, the CSV-file and the world map shapefile were imported into QGIS. The CSV-tabel

was joined to the world map shapefile and the shapefile with the existing joined file was saved

as a new shapefile to make the merge permanent. The application rate values were following

stored in the attribute table of the exported world map shapefile.

In the next step, global raster files representing the application rates for each substance-

group-crop combination were created. Therefore, the current region and the resolution of

the project was set with the GRASS GIS command g.region to obtain raster layers with the

wished resolution. As it is intended to create the raster files for the whole Earth, the extent

was set from −180◦ to +180◦ for the longitude and for the latitude from −90◦ to +90◦. The
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resolution of the resulting raster maps was chosen according to the used area grids with a cell

size of 5 arcmin × 5 arcmin; therefore, the number of columns and rows was set to 4320

and 2160.

Each column of the attribute table of the described world map shapefile, which represent

the application rates per ha and year for one of the crop-substance-group combinations, was

converted into a raster file with the GRASS GIS command v.to.rast. The cell attributes of

the created raster layers represent the yearly applied amount of the regarded substance group

per ha in relation to the crop and country.

11.1.4 Data used to validate the model

As described in section 11.1.3, data about application rates per crop, country and substance

group were not available for a lot of countries. For these countries a simple model to estimate

the application rates per crop and country, as explained in the last section 11.1.3, was used.

Because of the bias generated with this model and in general to validate the used model

and method, it is necessary to compare the obtained calculated results for the yearly applied

amount per country and substance group mcalc(substancegroup, crop, country) with values

for the applied amount mref (substancegroup, crop, country), as listed in the used databases.

Data about the yearly applied amount per country in relation to the pesticide group was

obtained from FAOSTAT [FD13] and for states within the USA from NPUD 2002 [CF]. The

described FAOSTAT database consists of values reported by the countries themselves in a

yearly questionnaire about the used pesticide amount separated into substance groups in

agriculture. The used FAOSTAT database has some limitations, e.g., for some countries no

values, only import, domestic production, or expressed as formulated products are available.

In contrast to the procedure described in section 11.1.3, the USA was handled as one state

for validation. Therefore, the overall applied pesticide amount in the USA related to the

substance group was calculated by totaling the applied amount for all states. For countries

belonging to the EU, an additional database was available and was provided by Eurostat

[otEU15], the statistical office of the EU.

Data from Eurostat and FAOSTAT databases differ in small values for the same time span.

It was decided to use data from FAOSTAT if it was available in both databases because it

might be the case that the data sampling procedure differs between FAOSTAT and Eurostat.

As most data was obtained from FAOSTAT, it was decided to use this database for countries
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belonging to the EU also to have the same bias and sampling errors.

Overall, for herbicides, data for validation was available for 101 countries – 99 from the used

FAOSTAT database [FD13], one value from the Eurostat database [otEU15], and one value

from NPUD 2002 [CF]. For the validation of the calculated data for fungicide application,

overall there were 98 values – 97 values were taken from the FAOSTAT database [FD13] and

one value from NPUD 2002 [CF].

The available reference data mref (substancegroup, crop, country) was crosschecked. If it was

obvious that data for one or more countries were not valid, these data items were marked.

In the next step, an online search for more valid values was performed. However, the online

search showed that free available data about pesticide use per crop and country is very scarce

besides the mentioned databases.

Additionally, a online research for outliers, countries with high deviation between the calcu-

lated and reference amount, was conducted. Outlier countries, for which there is evidence

in the literature of generally reduced herbicide or fungicide use, have been marked with the

label "reduced fungicide use" or "reduced herbicide use" in the following figures 11.7 and

11.8. References for publications where a reduced agrochemical use is mentioned are listed

in the provided tables in S3 in the online repository provided in (https://gitlab.rlp.net/

jrapp1/dissertation).

In general, if possible, the average yearly applied amount was calculated, if available, for the

years between 1997 and 2003 for data obtained by FAOSTAT and Eurostat databases. As ref-

erence value for the USA, the applied amount for the year 1997 was taken from NPUD 2002.

The reference values were stored in a CSV tabel.

11.1.5 Creation of application maps in GIS and validation analysis

Each application rate raster was multiplied with the related harvested area raster using the

GRASS GIS command r.mapcalc.

In the resulting raster, the yearly applied pesticide amount per cell in relation to the substance

group and the crop is visualized. In the next step, all applied amount rasters belonging to

the same substance group were summed up by using the raster map calculator r.mapcalc in

GRASS GIS.

With this step, raster maps visualizing the yearly applied pesticide amount in relation to the

substance group were created. For some tasks, it is necessary to gain a value for the overall

used amount in relation to the organisms the substance should act against, e.g., for herbicides

174

https://gitlab.rlp.net/jrapp1/dissertation
https://gitlab.rlp.net/jrapp1/dissertation


CHAPTER 11. CREATION OF PESTICIDE APPLICATION MAPS

or fungicides. Therefore, it is necessary to sum up all raster files belonging to the regarded

substances – again, with the command r.mapcalc.

To validate the calculations performed with GIS, it is necessary to compare the calculated

pesticide amount per country mcalc(majorgroup, country) with values published in reports or

scientific publications mref (majorgroup, country). To obtain the overall applied amount per

country, the same method was used, converting the raster to a shapefile, spatially joining with

a world map vector file, and totaling the applied amount per country, with the same software

as described in section 11.1.2. As a result, a table in which for each country the calculated

overall applied amount related to the substance group to which it was assigned was obtained.

The calculated amounts per country were stored together with the related reference values

(11.1.4) in a CSV table.

For the validation of the described calculation method, both variables were log−transformed,

whereby the base 10 logarithm for each value and each country was calculated and used for

further regression analysis. To validate the described model, linear regression models were

used.

As a prerequisite to use linear regression a normal distribution of the data is necessary.

This prerequisite was checked visually with a Quantile-Quantile-plot (Q-Q-plot), R com-

mands qqnorm() and qqline(), with a histogram, R command hist(), and with the Kolmogorov

Smirnov test, R command ks.test(). Data for both substance groups showed a non-normal

distribution. Through the logarithmic transformation of both, the dependent and the in-

dependent variable, this prerequisite could be fulfilled. The coefficient for intercept, slope,

standard errors, significance of the regression line, and other statistical values, such as R or

R2, were obtained with the R commands summary(lm(y x). X−Y plots visualized in section

11.2 and the regression line were printed with the R commands plot(x, y) and abline(lm(y

x).

11.2 Results

According to [FD24b] for 2000, an applied herbicide amount of 879138.94 t and fungicides

with an amount of 520403.32 t were estimated globally for the agricultural sector. By applying

the described models for fungicides, an overall applied amount of about 1542351.775 t, and

for herbicides, an overall applied amount of about 1650192 t were calculated. This results in

a global overestimation of about 2.96 times for fungicides and 1.88 times for herbicides by the
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used model.

Table 11.1 gives an overview of the calculated and the reference applied amount divided

into geographical regions. According to table 11.1, for fungicides (with the exception of

Table 11.1: Calculated applied fungicide and herbicide amount in t a.i. and reference values [FD24b] for

2000, divided into regions

Region Fungicides [t a.i.] Herbicides [t a.i.]

calculated reference calculated
reference calculated reference calculated

reference

Europe 172460.995 196172.28 0.88 137612.316 163220.68 0.84

Asia 892284.472 178695.67 4.99 990648.232 219817.38 4.51

Oceania 13454.714 3320.67 4.05 21513.71 26088.7 0.82

North America 65674.518 23722.14 2.77 223904.753 228187.53 0.98

Latin America 267978.556 94252.3 2.84 238328.023 217439.84 1.1

Africa 130498.518 21637.78 6.03 38185.409 17927.57 2.13

European countries), the used model overestimates the applied amount in a range between

2.77 times (North American countries) and 6.03 (African countries). For European countries,

the calculated amount is about 88% of the reference value. For herbicides, an underestimation

of the used model can be observed for European, Oceanian, and North American countries,

and for Asian, Latin American and African countries, an overestimation of the used model

can be observed.

The resulting maps for the overall applied herbicide and fungicide amount are visualized in

the following figures 11.3 and 11.4. Maps visualizing the applied amount per substance group

and crop, per crop and per substance group are provided in S1 in the gitlab repository under

the following URL: https://gitlab.rlp.net/jrapp1/dissertation

The applied amount per area is expressed in the unit kg a.i. per cell ha in the presented

maps. The unit per cell ha means that the applied amount refers to the overall area located

in the raster grid cell and not merely to the agricultural area located in the grid cell. This

unit might provide a better visualization of the applied and present pesticide amount in the

overall area located in the raster cell and not merely in the agricultural area. This might be a

better risk indicator for a disease like CKD, which can be also observed in the population not

directly working in the agricultural sector. The units can be easily converted by multiplying
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Figure 11.3: World map visualizing the applied amount [a.i. per cell ha] for herbicides (figure generated

with QGIS).
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Figure 11.4: World map visualizing the applied amount [a.i. per cell ha] for fungicides (figure generated

with QGIS).
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the maps expressed in kg a.i. per cell ha with an area grid as described in section 11.1.2 and

dividing the result by a map representing the sum of the agricultural area.

High amounts of herbicides applied in agriculture can be observed in southern Brazil, central

states of the USA, and regions next to the Mississippi, as well as in Asian regions and coun-

tries like India, eastern parts of China and Southeast Asia.

Hot spots of fungicide application are more spread across the world. High application rates

can be, for example, observed in California and Florida as well as in different smaller areas

in different Latin American countries, however, they can also be observed in Western and

Southern Europe, western African countries and in several tropical and subtropical countries

in Asia.

As a measure for the deviation between the calculated and published reference values, the

ratio log(calc)
log(ref) was calculated for all countries for which a reference value was available. A table

summarizing calculated and reference amount, as well as deviation values, can be found in S3

in the online repository https://gitlab.rlp.net/jrapp1/dissertation. In the following

two maps, this ratio is visualized for herbicides (figure 11.5) and fungicides (figure 11.6):

Log-log regression between the calculated applied amount per country and reference values

for all countries in the world are visualized in figures 11.7 and 11.8, resulting in adjusted R2

values of 0.4864 for herbicides (n=101, intercept = 0.377, slope = 0.885, p = 3.25*10−16) and

R2 = 0.324 for fungicides (n = 98, intercept = 0.34, slope = 0.848, p = 5.82*10−10), both

with high significance. In contrast to the general rule, the dependant variable is located on

the x and the independant on the y axes.

As mentioned in section 11.1.4, for outlier countries with high deviation between reference

and calculated amount a non scientific online research was performed.

Countries for which there are incidences for a reduced herbicide or fungicide use in contrast

to the average global use are marked in red colour in figures 11.8 and 11.7. For herbicides,

incidence for reduced herbicide use was found for 3 countries (Haiti, Laos, Myanamar), for

fungicides for 8 countries (Bhutan, Ghana, Haiti, India, Iraq, Laos, Malawi and Mozambique).

Regression trend lines show an overestimation of the calculated applied pesticide amount in

the range of the countries for which data was available for reference values for both substance

groups, and overestimation of fungicides is higher than for herbicides.

The following figures 11.9 and 11.10 show the applied log-log-regression for countries sepa-

rated into European, Oceanian, Asian, American, and African countries; the corresponding

statistical values of the regressions are listed in tables 11.2 and 11.3.
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Figure 11.5: World map representing the deviation value log(calc)
log(ref)

for herbicides (figure generated with

QGIS).

Besides the regression for fungicides and African countries, all other regressions are signifi-

cant, with a used significance level of α = 0.05

For herbicides, the highest adjusted R2 can be observed for European countries (0.764) and

the lowest for American countries (0.378). Adjusted R2 values for fungicides vary between

0.798 for European countries and 0.01 for African countries, for which the mentioned non-

significant regression is observed.

For fungicides, the trend line shows an overestimation of the model for Australia and Asian

countries as well as for African countries in the range of the regarded countries. In the group

of European and American countries, there is no such clear relationship obvious, and the

trend line crosses the optimal line within the range of the values of the regarded countries.

However, the majority of the values lie near the optimal line with the exception of the outliers

for each of the two country groups.

The graphs for herbicides show in general a lower deviation between the trend and optimal

line. Similar to the related fungicide graphs, an overestimation for African, Australian, and

Asian countries and an unclear behavior for European and American countries can be ob-
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Figure 11.6: World map representing the deviation value log(calc)
log(ref)

for fungicides (figure generated with

QGIS).

served. Additionally, the values lie nearer on the optimal line than the related values for

fungicides, resulting in higher adjusted R2 values (with an exception for American countries).

11.3 Discussion

The results for the regression for herbicides and fungicides are significant in a global view

since the calculated applied amount is about 2.96 times higher for fungicides and 1.88 for

herbicides. However, there are varying deviations for the different regarded spatial regions

(table 11.1).

The used approach has some general limitations that partly explain the high deviations. The

method for calculating application rates for countries for which concrete application rate data

were not available might be not as correct as needed for detailed calculations. For these coun-

tries, different assumptions for calculating the application rates were used, e.g., for countries

outside North America, Europe, and Africa, application rates were determined by the arith-

metic mean between the European and USA application rates, as described in section 11.1.3.
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Figure 11.7: Regression between calculated amount and reference values for herbicides with n = 101, adjusted

R2 = 0.4864, intercept = 0.377, slope = 0.885, p = 3.25*10−16 (figure generated with R).

But application rates differ due to different environmental, economic and social variables,

such as pest pressure, climatic conditions, availability and price of pesticides, labor price, and

toxicity of the used pesticides [TDRW+21]. Therefore, the used values are only estimations

and might differ to the used application rates in reality. This is also obvious for countries

marked with reduced agrochemical use.

In the used approach for most crops, application rates for a single year were taken. However,

analysis showed that application rates vary between different years, e.g., fungicide application

rates for dates in California published in NPUD 2002 vary between 126.8kg/ha in 1997 and

1.6kg/ha for the year 2002 [CF]. Further analysis of application rates for date cultivation

in California, which were published in a California specific pesticide use database, depict

that the application rate for 1997 is an extreme value [oPR16]. However, such extreme years

may be decreased by the used approach, which uses the average application rates of different
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Figure 11.8: Regression between calculated amount and reference values for fungicides with n = 98, adjusted

R2 = 0.324, intercept = 0.34, slope = 0.848, p = 5.82*10−10 (figure generated with R).

spatially separated areas, such as that done using application rates from European countries

and the USA, if the reason for the high application rate only has a small spatial dimension.

However, differences in application rates for the same crop and for countries or states on the

same continent can also be observed [TALS20].

Differences between the calculated and reference values might be also possible because of the

use of pesticides with different toxicities in the regarded countries compared with the coun-

tries from which the application rates are taken. For example, when comparing two pesticides

with different toxicities to a certain pest, the pesticide amount necessary to gain a distinct

ecotoxicological effect is lower for a pesticide with a higher toxicity than for a pesticide with

lower toxicity. Therefore, the used pesticide active ingredients and related toxicity also deter-

mine the necessary amount. In the used approach (with mean values), these differences are

not directly implemented.
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Figure 11.9: Regression between calculated amount and reference values for herbicides, countries grouped

into continents or regions (figure generated with R).

Further investigations on the input data showed that there are several inconsistencies in the

used statistical databases, e.g., for date plant cultivation in California for 1997, both used

databases list an overall use of inorganic sulfur of about 323t. However, the value for the area

cultivated with dates differs between two databases [CF] and [oPR16], leading to different

application rates.

Additionally, analysis of the used input maps described by [MRF08] showed that the values

used for the planted area differ between the [MRF08] files and related reference values listed

in [FD11a]. By applying the correction method described in Section 11.1.2, this error should

be minimized.

To adapt and improve the used model, further analyses are necessary. For example, in coun-

tries with high deviations and overestimation, it would help to determine which of the crops

184



CHAPTER 11. CREATION OF PESTICIDE APPLICATION MAPS

Table 11.2: Statistical values of the regression between calculated amount and reference values for herbicides,

countries grouped into continents or regions.

adjusted R2 intercept slope p n

Europe 0.764 1.402 0.786 1.75*10−10 30

Australia and Asia 0.468 0.19 0.844 1.86*10−5 30

America 0.378 0.202 0.995 0.00139 22

Africa 0.471 0.252 0.86 0.0007 19

Figure 11.10: Regression between calculated amount and reference values for fungicides, countries grouped

into continents or regions (figure generated with R).
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Table 11.3: Statistical values of the regression between calculated amount and reference values for fungicides,

with countries grouped into continents or regions.

adjusted R2 intercept slope p n

Europe 0.798 0.314 0.934 8.26*10−12 31

Australia and Asia 0.395 -1.389 1.05 0.00035 26

America 0.476 1.16 0.774 0.00028 22

Africa 0.013 1.721 0.503 0.28 19

are responsible for the high amount of applied pesticides in the used model. Maps visualizing

the crops that are responsible for the highest applied pesticide amount per cell are visualized

in Appendix B.

In general, the data quality of input and reference values might not as high as needed for high

quality calculations. Comparing reference values from the same dataset at two time points

approximately a decade apart shows that data for the same historical period may vary over

time. This suggests that initial data may contain statistical inaccuracies, which are subse-

quently corrected as methodologies improve or more information becomes available.

The previously mentioned sources of error can describe deviations between calculated and

reference values in general. However, the results in section 11.2 show possible patterns of

deviations in countries for which application rates were available or not for the regarded sub-

stance groups and also for different spatial regions.

The model fits better for herbicides, resulting in a trend line for herbicides lying nearer to the

optimal line than that for fungicides and in a higher R2 value. However, both R2 values are

relatively low with values of about 0.4 and 0.2. The low R2 value for fungicides is also obvious

in the scatter plot (Figure 11.8), with more points lying away from the trend and optimal

line than for herbicides (figure 11.7). The quality of the used model differs between the two

substance groups but also for different regions within the substance groups (figures 11.9 and

11.9). The best results are obtained in both substance groups for European countries. For

most European countries, concrete application rates were available in the used data sources.

A small deviation can be also observed for the USA with calculated
reference = 1.014 for herbicides and

1.01 for fungicides. Therefore, the model fits better for countries with a higher quality of

input data.

For African, Asian, and Oceanian countries, the trend line shows an overestimation of the

186



CHAPTER 11. CREATION OF PESTICIDE APPLICATION MAPS

calculated value in the range of the regarded countries in both substance groups. Visual in-

spection of the spatial distribution of countries with an overestimation, visualized in figures

11.5 and 11.6, shows that there is a clustering in regions with a low latitude. To improve the

used model by modifying the used mean values, further analyses are necessary that investigate

the relationship between the deviations and parameters influencing pesticide application pat-

terns, as described in [Eco01]. Possible parameters influencing pesticide application practice

might be the agricultural structure (small- or large-scale farmers) in the regarded country, for

example, expressed as the number of people involved in the agricultural sector, the economic

structure in the regarded country (can people afford expenses for pesticides), or climatic con-

ditions, such as the annual precipitation or mean temperature.

However, the results show that application rates are higher in Europe and the USA than in

African and Asian countries. In general, in less-developed countries in comparison to industri-

alized countries, a much higher use of manual weed control can be observed. [Gia13] reports

from several less-developed countries in which manual weed control plays a high role in weed

management. [Mel94] reports that in the tropics a method called hoe weeding is often used

for weed management in cassava production. It is a very labor-intensive, traditionally used

method for weed control with a high manpower requirement. It is mostly used in countries in

which cheap labor is available. Therefore, the expense for manual weed control is lower than

for agrochemical use.

For African countries, a different approach was used with the assumption that pesticides are

only applied on crops intended for export. The selected model fits relatively well for herbicides;

however, it does not fit well for fungicides. Regression for fungicides and African countries

was the only regression model that was not significant. The reason is unknown and must be

further investigated. However, regression for the other country groups were also better for

herbicides, but the regression for fungicides showed a lower but still significant regression.

The reason for the difference in the model quality between the substance groups is unknown

because for both major groups the same input and reference values were used. Maybe there

is a higher spatial and temporal variability in pest pressure or higher variability in used

substances and toxicity values for fungicides, both leading to different application rates. In

further research, the analysis of the used input data in terms of differences in the variability

of pesticide use within the different crops and substance groups would be useful.

Summarizing, a simple model was developed with which it is possible to model the yearly

applied herbicide and fungicide amount to a certain degree, with differences in the quality
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according to the available input data and the regarded substance group.

11.4 Use of the described model and application maps for an

SDSS in an LL

Maps developed in the present chapter have a relatively low spatial and temporal quality,

as they represent yearly applied pesticide amounts with a resolution of 5arcmin× 5arcmin,

about 10km× 10km near the equator. For an SDSS with personally tailored support, where

people are, for example, warned to temporarily stay away from an area with high pesticide

amounts in the air, the resolution is too low.

However, the maps have another useful application: With these maps it is possible to identify

regions with high releases of pesticides into the environment, as totaled over a year. Therefore,

hot spots of pesticide application can be determined. Such hot spots might be areas where

for example possible negative effects on biota, such as ecosystems in general or humans, can

be investigated, e.g., for pesticide residue monitoring in ecosystems or humans or as pilot

regions, e.g., for risk mitigation programs.

The method itself can also be applied to input data with a higher resolution, e.g., to maps

representing the land cover on a municipal or regional level. Possible application fields are

optimization problems, e.g., to find best-fitting locations for medical stations treating pesticide

poisonings or, together with a watershed layer, to identify locations where drinking water can

be taken from surface or ground water.

The described method has the disadvantage that only the applied amount is regarded without

including toxicity of the substance. The applied amount is not directly an indicator for the risk

caused by the amount of pesticides; risk is always related to toxicity. If input data is available

on the a.i. level, the toxicity of the substances can be implemented by using the toxic-unit

approach as proposed by [JBF+06], whereby the amount of the substance is related to its

toxicity and amounts of pesticides can be calculated into toxic units and then be compared

with amounts of other substances related to their toxicity. Additionally, mixtures of pesticides

have different toxicity than the single substances [HGL17] and were not implemented in the

used model.

The used open-source approach allows that the resulting maps can be published under an open

license. This permits the maps to be used by everybody for free. Regarding the requirements
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defined in section 9.1, R3.1 is therefore fulfilled. To give SDSS in terms of supporting people

to avoid areas with a possible high risk, spatial and temporal resolution must be increased.

Additionally, models for transport and transfer processes can be implemented to include the

fate of pesticides in the environment (section 2.2.5).

The described LL approach with a crowdsourcing framework offers the opportunity to sample

data about the used pesticide amount per crop directly by participating farmers in a citizen-

science approach but in a much higher temporal and spatial resolution and quality.
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crowdsourcing

12.1 Overview over the framework

In this section, a framework is described in which the idea of a citizen-science project for data

collection (chapter 6) with an open-source approach (section 5.3.2.1) in an LL are combined.

The suggested software for data collection, processing, and presentation is completely released

under an open-source license. The aim of this framework is that citizen scientists report their

observations or their knowledge about the temporal or spatial scheme of pesticide application

to a central server with a computing unit where data is collected, processed, modeled, and

sent back to the user, as visualized in figure 17.1.

In the used framework, citizen science is used for gaining information about the presence

of pesticides in the environment. Every community member in the LL can participate in a

collaborative effort. The citizen scientists can deliver information about the presence of pesti-

cides in the environment and, if possible, about the characteristic of the pesticide application.

The citizen scientists are people who have knowledge about the time point or the spatial

character of a pesticide application, such as people who recognize that pesticides are applied,

agricultural workers who are involved directly in the pesticide application process or have

knowledge about the spatial or temporal application patterns, or people who plan pesticide

application.

12.2 Transmitted data items by citizen scientists

Data collection and transmission can be, for example, electronically. The data is entered into

a electronic device, in the best case with an adaptive GUI as described in [Pla14]. The used

device is dependent on the user’s needs. The devices can be mobile, like smartphones, tablets
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or laptops, or static, like desktop computers or digital doorways. Mobile devices are relatively

widespread in developing countries: more than 75% of the worldwide subscriber identification

module (SIM) cards are run in less-developed countries [Pea13]. A study from 2006 analyzed

the use of mobile devices among others in South Africa, with the result that in 2006, a rel-

atively wide distribution was observed and was getting broader [Sut08]. It is necessary that

the device has at least a temporal connection to the network, either WiFi or with a cable,

and the data must be transmitted to the server and the calculation unit. Then, it must be

further processed by applying fate models and delivered to the users to give spatial decision

support.

Decision support generated by an SDSS should have a spatial and temporal dimension. There-

fore, sampled information about pesticide application should also have a temporal and spatial

dimension as well as information about the used substance and the crop on which pesticides

were applied.

The basic information needed to characterize the pesticide application and create related risk

maps may contain the following items, as listed in Table 12.1:

To gain knowledge about the existing risk, it is necessary to measure the temporal and spatial

Table 12.1: Objects and related items for which information are collected to create risk maps

Object Items

Area of application Coordinates Xn, Yn

Polygon

Time span of application Start time of application

End time of application

Time point of application

Applied pesticide Substance type and formulation

Application method Application type

Equipment type

Crop Crop type

Crop stage

Application rate Application rate per ha

Applied amount per area

extent of risk. In terms of agrochemicals, it is necessary to measure the temporal and spatial
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dimension of an initial agrochemical concentration in the environment. This measurement

can be conducted directly, by monitoring the concentration of the agrochemical in a com-

partment, as described in [BGK14] or [KPHW+21], or indirectly, by describing the temporal

and spatial dimension of the agrochemical application. The results can be visualized in static

maps. Temporal dimension and dynamic maps can be obtained by implementing fate models.

As listed in table 12.1, the items needed to characterize the pesticide application and thus the

Figure 12.1: Different sources of data to create risk maps with citizen sciences methods (figure generated

with draw.io).

impact are application area, time span of the application, the kind of the applied substance,

the application method, crop, and the applied amount or the application rate.

In figure 12.2, an example for an open-source app with an adaptive GUI for collecting pesticide

application observations in an citizen-science approach is visualized. The app was created as

a web app with the R packages shiny [CCA+20], leaflet [CSKX24], RMySQL [OJD+23] and

DBI [RWM24] and runs on a shiny server with the URL https://shiny.projects.rptu.

de/rapp/LLsampling/.

To use the app, internet access and a digital device with a browser are required. Observers or

citizen scientists can enter items describing the characteristics of the observed pesticide appli-

cations as listed in table 12.1, for example, time span of the application, type of the applied
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Figure 12.2: Example for the use of an open-source app to sample temporal and spatial information of

pesticide application observation (screenshot of a shiny app).

substance, application method, and applied amount. Additionally, the area of application

can be marked by creating a polygon in a window where a physical map layer is visualized.

Entered items and coordinates of the polygon are stored in a database. The GUI of the app

is adaptive and responsive. Adaptive means, that GUI elements are presented in relation to

previous answered questions, responsive means, that the layout of the GUI changes with the

used devices and available size and resolution of the display.

12.3 From static to dynamic risk maps: fate models

In the preceding chapter, an approach with the aim of creating static maps of pesticide use

was described. However, pesticides underlie fate with transport and transfer processes (sec-

tion 2.2.2). With models describing these processes, it is possible to create maps visualizing

pesticide contamination with a temporal and spatial dimension.

In section 2.2.5, different models were described with which it is possible to estimate the

temporal and spatial fate of pesticides in different environmental compartments. In an LL

approach, the model must be selected according to the regarded environmental compartment

and to the temporal and spatial dimension on which it operates and which is necessary to

give spatial decision support. However, models described in section 2.2.5 have a relatively low
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temporal resolution, for example, SWAT+ has a temporal resolution of one day [BAR+17].

Each model has its own set of input parameters, an app as the one described in the last

chapter must be modified according to the needed information necessary for the used model.

The open-source concept allows such easy modifications of available source code, e.g., add

new items in the app.

12.4 Results and discussion: generating risk maps with crowd-

sourcing

In the present chapter, an approach was described whereby crowdsourcing or citizen science

was used to get information from community members in an LL about pesticide application

practices. The approach uses only open-source software with which information is sampled

by a web app for which internet communication is necessary. The limitations in paperless

communication and the last-mile problem must be kept in mind.

[MOM18] developed an citizen-science application for Ugandan small-scale farmers where they

can send pictures of cassava plants with possible diseases or pests and additional geographic

information via mobile phone to an ad hoc surveillance system. They have reported several

obstacles in the crowdsourcing approach in a rural community in a less-developed country,

such as a lack of technical knowledge with mobile devices, lack of internet coverage and GPS

access, and lost or stolen equipment [MOM18]. A similar approach for Indian farmers is de-

scribed in [AKIK21]. Nevertheless, due to the high number and increasing trend in numbers

of people using mobile internet, the described approach and risk mitigation strategies are

intended for use with mobile devices.

The gained information about pesticide application with a citizen science approach has, in

comparison with the approach described in chapter 11, the advantage that the gained data

has a higher spatial and temporal quality. However, problems with data gained by a citizen-

science project as described in section 6.2 also may happen.

The described approach produces static maps. By using fate models as described in section

2.2.5, it is possible to create temporal forecasts, e.g., of possible pollution in a watershed to

avoid drink water usage of contaminated water or of pesticide residues in the air.
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a walk through a contaminated area

In the last chapters, methods were described with which it is possible to create pesticide

release maps showing the released amount of pesticides into the environment. A possible

application can be to model, for example, the temporal and spatial distribution of pesticide

concentration in the air, as visualized in figure 13.1, and consequently give spatial decision

support to community members.

In the present chapter, a method is introduced that can be used to generate spatial decision

support for people who want to move from a point A to a defined point B through an area

with a toxic substance in the environment, e.g., to determine a way whereby the exposure to

a contaminant is minimized. The decision support should be assembled in a way that a path

is calculated in which the person suffers a minimum of pesticide-induced impact when moving

along this path. This path is then delivered to the user.

In the following parts of this chapter, the mathematical methods and data needed for the

described approach are highlighted.

13.1 Needed data to estimate the individual impact

According to definition 3.1.7, the risk caused by pesticides is determined by the toxicity of a

substance and by the amount of a substance to which an organism is exposed. As an indicator

for the toxicological strength, in the following framework, the so-called toxic-unit approach,

as defined in section 3.2.2 and introduced by [Spr70], is further used. In this approach, the

concentration of the toxic substance in the environment is related to a toxicological effect

concentration.

Another indicator for estimating the risk related to exposure might not only be the amount

to which a person is exposed but also the exposure time. Negative effects to organisms

increase with a longer exposure time [PS91]. However, there are more complex exposure
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Figure 13.1: Sample spatial visualization of pesticide concentrations in the environment with a underlying

street map (figure generated with GNU Octave, source of the map: https://www.openstreetmap.org).

estimation models for humans working in the agricultural sector available [DAR+02, MPBV08,

MRRA+19].

Pesticide concentrations in the environment also have a temporal and spatial component.

They are temporal in the sense that concentrations in the environment change over time

through different transport and transfer processes [Fen13].

To estimate the negative impact on human health caused by pesticides by walking through

an area with pesticides in the environment, it is necessary to have the following information

and data:

• path network of the area,

• mathematical functions of the concentration of the regarded substance in the air, water

and sediment in relation to the location ω and time t,

• individual information about exposure reduction: use and type of protection clothes,

type of used clothes (long-sleeved, shorts etc.),

196

https://www.openstreetmap.org


CHAPTER 13. CALCULATING THE INDIVIDUAL IMPACT INDUCED BY A WALK
THROUGH A CONTAMINATED AREA

• information about the path: speed of movement or mean of transportation, start and

endpoint of the path, time available to move from A to B, and

• information about the substance: type, toxicity, uptake routes, and rates acceptable

daily intake (ADI).

With this information processed for a GIS and with different mathematical methods, such as

the path integral, graph theory, and optimization algorithms, paths can be determined in a

way that permits a minimum of impact on human health.

The needed data and information can be collected in different ways. Individual information,

e.g., about the used protective clothing, mean of transportation, start and endpoint of the

planned path, time available, etc., can be individually sampled. This can be conducted, e.g.,

with a app for mobile devices, similar to the app demonstrated in section 12.2, or with a paper-

based survey. As the use of mobile devices is increasing and as the use of mobile devices for

delivering risk to the user has advantages against the use of a paper-based SDSS, the following

framework is intended for the use of a mobile device. An app integrated or connected to the

SDSS can collect the necessary information, e.g., the user must answer relevant questions.

Additionally, a network of possible paths that can be taken to move from point A to point B

is required, e.g., as a graph network. In reality, there are natural and anthropogenic obstacles

that cannot be passed or must be circumvented, such as rivers, hills, national borders, etc. It

is also assumed that people who want to move from a point A to a certain point B will move

along existing paths and will not move cross-country. That means that people only walk on

predefined paths. To find possible paths, a route map on which roads and ways are illustrated

can be used. In figure 13.1, a route map for a community in El Salvador is visualized. As a

mathematical structure of possible ways a graph network is used.

13.2 Graph theory

Graph theory can be regarded as part of discrete mathematics. A first publication about

graph theory was published in 1736 by Leonhard Euler. In this publication, Euler described

the problem of the seven bridges of Königsberg. At that time in Königsberg, seven bridges

crossed the Pregel River. He wanted to find a way to walk through Königsberg where each

bridge was passed once and only once. In this publication, he described the necessary and

sufficient conditions for how a finite and undirected graph can be walked through in one turn

in a way that each edge is passed only once a time [BL95].
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Today, graph theory is an important field in mathematics, with several applications in natural

science, computer science, and economic science. Graphs are often used to model circum-

stances and systems of the real world. In this application, the nodes often represent objects

of the real world whereby the edges represent the relations between these objects [BL95].

Definition 13.2.1 (Graph) Let Q be a nonempty set, A a set disjoint from Q and I a

mapping that links to each element of A a pair of elements of Q, which can be ordered or

unordered. Then the triple G = (Q,A, I) is defined as a graph, I is called incidence mapping,

and the elements of A are called edges and the elements of Q nodes of G [BR12].

For a network of roads, a graph can be used to model the sequence of ways and roads, or in

other words, which road can follow after another road was passed.

To find a way of minimum exposure, only a part of the graph is needed, and an algorithm

selects a part of the graph, called a path.

Definition 13.2.2 (Edge sequence, trail and path) Let G = (Q,A, c) be a directed graph

with a1, ..., ap ∈ A and qi, qi−1 ∈ Q and c(ai) = (qi−1, qi) for i = 1, ..., p. Under these con-

ditions, (ã1, ..., ãp) with ã1, ..., ãp ∈ A is called edge sequence or walk from q0 to qp with the

length p. A edge sequence is called trail if all edges are pairwise disjunct. A trail with pairwise

disjunct nodes is called a path [Vol13].

In a directed path as described in the definition above, q0 is called the beginning node and qp

the end node of the path. The weight of a path is defined as the sum of the edge weights of

all edges included in the path [Die96].

Using graph theory for a network of roads, Q represents a set of j crossroads with Q =

{q1, q2, ..., qj}. A represents a set of connections between the crossroads or roads. In a graph,

connections can be directed or undirected. If a graph consists of directed edges or connections,

it is called a directed graph or digraph [BR12]. In undirected graphs, the connection exists in

both directions, e.g., between crossroad ql and crossroad qk. That means that the road can

be walked in both directions. As there exist one-way streets that can be only passed in one

direction, a directed graph is proposed for modeling a street network.

In a directed graph, the set A consists of all existing ordered connections cm between cross-

roads, expressed as tuples. For example, if crossroad ql follows after crossroad qk, a directed

connection from qk to ql exists. Mathematically, a directed connection cl,k can be expressed
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as cl,k = (qk, ql):

A ⊆ {(qk, ql) ∈ Q×Q} (13.1)

The incidence map I associates to each connection the related nodes connected by the con-

nection with:

I : A → Q×Q. (13.2)

Edges and nodes in a graph can be weighted or unweighted. Graphs with weighted edges are

called edge-weighted graphs.

Definition 13.2.3 (Edge-weighted graph) Let G be a graph. To each edge c ∈ A of G, a

number w(c), called its edge weight, is associated with

w : A → IR (13.3)

c 7→ w(c). (13.4)

The resulting graph is called a edge-weighted graph [BR12].

In edge-weighted graphs, a value wqk,ql is connected to each edge cl,k = (qk, ql):

W : Q×Q → IR (13.5)

Graphs can be visualized in diagrams, whereby the points represent nodes and the lines

represent edges.

In figure 13.2, an sample digraph with weighted edges is visualized. The weights of the edges

can be stored in an adjacency matrix.

Definition 13.2.4 (Adjacency matrix) Let D = (QG, AG) be a digraph with n = |QG| ≥ 1

nodes q1, q2, ..., qn, and 0 ≤ m = |AG| ≤ n2 edges. The n × n matrix E(D) = (ei,k),

1 ≤ i, k ≤ n, is called adjacency matrix of D if and only if the elements ei,k of E(D) are

calculated as

ei,k =

 1 , if (qi, qk) ∈ A

0 , else.
(13.6)

[BL95]

Definition 13.2.4 is valid if loops are allowed. If loops are not allowed, the number of edges

|AG| is limited to 0 ≤ m = |AG| ≤ n(n − 1). In edge-weighted graphs, instead of 1 for a

connection and 0 for a missing connection between two nodes, the adjacency matrix consists

199



CHAPTER 13. CALCULATING THE INDIVIDUAL IMPACT INDUCED BY A WALK
THROUGH A CONTAMINATED AREA

Figure 13.2: Exemplary weighted digraph with 5 nodes and 7 edges (figure generated with Libre Office Draw.

of the weights w of the edges.

For an edge-weighted graph G with edge weights w(qi,qk), the adjacency matrix E = (ei,k) is

defined over its entries as

ei,k =

 w(qi,qk) , if (qi, qk) ∈ A

0 , else.
(13.7)

[BL95] The following matrix represents the adjacency matrix for the graph, visualized in Fig-

ure 13.2.

E =



0 5 3 7 0

0 0 0 0 10

0 4 0 1 0

0 0 0 0 0

0 0 2 7 0


In the used approach, an edge represents a way segment and can be walked in both directions.

A node N represents an object on which an edge starts or ends, the direction of the path

changes, or a path segment ends or starts.

In a first approach, it is assumed that velocity is the same for every edge. The development

of functions determining the time needed to move from point A to B is not described in this

thesis; additionally, conditions influencing velocity, such as slope of the way segment, are not
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implemented in this approach.

A graph network based on streets is illustrated in figure 13.3.

The graph visualized in the previous figure is a so-called digraph. That means that it is

Figure 13.3: Graph network based on a route map from OpenStreetMap (OSM) with a overlying air con-

centration layer for a community in El Salvador (figure generated with GNU Octave, source of the map:

https://www.openstreetmap.org).

possible that a route can be walked in both directions, e.g., from node A to B as well as in the

opposite direction from node B to A. However, it might also be possible that a way segment

from one node to another can only be passed in one direction, e.g., if there is a one-way road.

With this route network, it is possible to model all possible combinations of edges to move

from a starting point A to an end point B. Regarding the path network visualized in figure

13.3, a person who wants to walk from node A to node B can take different routes, e.g., route

γ1, moving along the edges eA,14, e14,B, or route γ2, moving along the edges eA,15, e15,16,e16,17

e17,18, e18,19, e19,22, e22,26, e26,30 and e30,B.

The combination of edges with the lowest impact on health is delivered to the user or the user
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Figure 13.4: Route map from OSM with a path network for a community in El Salvador and possible

routes γ1 (green path) and γ2 (blue path) (figure generated with GNU Octave, source of the map: https:

//www.openstreetmap.org).

is warned, e.g., that he or she should not move at the moment to the chosen destination.

Overall, a route from starting point A to end point B is sought for which the impact on

human health is minimized.

13.3 Concentration and uptake reduction function

To estimate the impact on human health it is necessary to have information about the uptaken

amount of a pesticide or the amount to which a person is exposed. The uptaken amount is

related to different factors, such as the concentration of a substance in the regarded com-

partment, the uptake rate of the substance in this compartment, vapor pressure, the use of

equipment to decrease the uptake rate, etc. [DE11].

The use of protective clothing can lead to a decreased uptake that means that, e.g., through

the use of a cloth over the mouth, the pesticide amount uptaken by inhalation can be de-
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creased. With the individual information about exposure reduction, a value called reduction

coefficient r, describing how high the uptake rate is decreased through the use of protective

clothing, can be calculated. For example, if a person walks without protective clothes through

an exposed area the reduction coefficient is 1, and the uptake rate is not decreased.

The second important information is the knowledge of the spatial and temporal distribution

of concentrations of the substance in the different environmental compartments. Figures 13.1

and 13.3 show examples for the visualization of such a concentration function cair(x, y) with

a spatial dimension, with green areas representing a low concentration and red a high concen-

tration of the substance in the environment. The function shown is only an artificial example

for such a concentration function in the air. The selection of appropriate functions and fate

models is a task that must be performed during the research and development cycle in an LL.

13.4 Integral over a path

Additionally, values are needed with which it is possible to model the exposure of a person

moving along a path in an area with pesticide concentrations in the air. A mathematical

method with which it is possible to calculate a measure to estimate the exposure to pesticides

in the air when walking along a path is called path integral.

Definition 13.4.1 (Integration over a path) A piecewise continuously differentiable map-

ping γ : [a, b] 7→ IC is called the integration path. The image set [γ] = γ([a, b]) is called carrier,

and [a, b] ⊂ IR is the parameter interval of the path. If f : [γ] 7→ IC is continuous, then

∫
γ

f(z)dz :=

b∫
a

f(γ(t)) dt (13.8)

is defined as the integration of f over a path γ.

(Definition adapted from [Bor16], p. 21).

In contrast to the original definition published in [Bor16], the integral defined in definition

13.4.1 is dependent from the way.

The defined integral can be interpreted as the area between a function f(x, y) and a path

γ, if f(x, y) ≥ 0 for all (x, y). If f(x, y) describes the intensity of radiation or pesticide

concentration, then the path integral along a way γ can be interpreted as a value for the
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exposure to radiation or pesticides.

In the used approach, it is assumed that people only walk along existing ways or streets.

Mathematically, ways or streets and their connections are further modeled as a graph. Nodes

represent corners, starting, or ending points of streets, and edges represent ways or streets

that are called way segments.

For the used approach, a value is assigned to each edge that represents the exposure to a

substance if a person walks along this way segment. In other words, a value is assigned to

each way segment to which the path integral at a given time point is assigned. The higher

this number or edge weight, the higher the exposure to the regarded substance.

By using the concept of linear combination (definition 7.2.10), a route that connects points

P1 and P2 in a straight line can be described with the path

γ(t) = (1− t) · P1 + t · P2 (13.9)

and t ∈ [0, 1], and the route is expressed as [P1, P2].

The integral over a path with start and end nodes P1 and P2 is calculated as

∫
[P1,P2]

f(z)dz =

1∫
0

f((1− t) · P1 + t · P2) dt (13.10)

=

1∫
0

f((1− t) · P1 + t · P2)dt (13.11)

With this method, it is possible to calculate the uptaken amount of pesticides caused by a

defined walk along a path through a area with a given contamination function c(x, y), and it

is possible to compare different routes according to the exposure.

For each edge, the defined path integral is calculated according to Definition 13.4.1; this value

is further used as the edge weight wj,i for an edge ej,i between two point Pi and Pj , connected

over a straight line:

wi,j =

1∫
0

f((1− t) · Pi + t · Pj) dt (13.12)

With the equation above, a value representing the amount to which a person is exposed can

be assigned to each way segment.

Summarizing, the described approach can be modeled with a directed weighted graph G =

(Q,A, I), whereby the edges A of the graph represent way segments and the weights a value

describing the exposure of a person walking along the way segment. If a way segment cannot
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be walked in one direction, then the weight in the regarded direction is set to ∞.

13.5 Finding a way with a minimum of exposure

After reducing the approach to a directed graph with weighted edges, finding a way with

minimum of exposure can be attributed to a graph optimization problem where a path is

sought between a start point A and an end point B for which the sum of the weights along

the path is minimized. The described optimization approach is called shortest-path problem

[Sch12].

In optimization theory, a problem with a starting point A and a finishing point B and non-

negative edge weights is called a single-pair shortest-path problem [ES11]. A review of avail-

able shortest-path algorithms can be taken from [MAR+17].

Mathematically, the shortest-path problem for a directed weighted graph can be described as

follows:

A directed graph

G = (Q,A, I) (13.13)

with edge weights

w : A 7→ IR+
0 (13.14)

is given.

The weight of a path

p = (P0, P1, ...., Pk) (13.15)

with

P0, P1, ...., Pk ∈ Q (13.16)

can be calculated as

w(p) =
k∑

i=1

w(i−1,i) (13.17)

A path p∗i,k from node Pi to node Pk is called shortest path if

w(p∗i,k) ≤ w(pi,k) (13.18)

for all paths pk,i from Pi to Pk.

Classical applications of the shortest-path problem are, for example, traffic navigation systems

to find the shortest routes in a street network [NMST08] or algorithms in internet-related IT
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systems to find the shortest path for data packages between two digital devices [KK10].

An easily implementable algorithm to solve the shortest path problem is the Dijkstra algo-

rithm [Dij59]. Other shortest path algorithms are, among others, Floyd-Warshall [Flo62],

Bellmann-Ford [Bel58], and Genetic algorithm [LKS16]. They differ, inter alia, in their per-

formance in finding a shortest-path solution [GMNZ14].

An example of the most famous shortest-path algorithms is highlighted. The basic idea of the

Dijkstra algorithm is always to follow the edge that promises the shortest route section from

the start node. Other edges are only followed once all shorter route sections have been con-

sidered. This procedure ensures that when a node is reached, no shorter path to it can exist.

Once a distance has been calculated between the start node and a visited node, it is saved.

However, the summed distances to nodes that have not yet been processed can change, i.e.,

decrease, during the course of the algorithm. This procedure is continued until the distance

of the target node has been calculated [JAE+12].

Dijkstra and Bellmann-Ford algorithm are implemented in common open-source software

packages like R package igraph [CN06] or the GnuOctave package grShortestPath.

13.6 Discussion and conclusion

In the present chapter, a method was developed based on graph theory with which it is pos-

sible to find a walk through an area with contaminants in the air with a minimized exposure

to the contaminant. The described approach has some limitations but can be regarded as a

base for the research and development cycle in an LL.

The limitations of the described approach are highlighted in the following:

In the described approach, the value to estimate the possible negative impact on human health

is based on the concentration of a contaminant to which a person is exposed and to the path’s

distance. However, the relevant factor in ecotoxicological risk assessment is also exposure

time [Fen13]. The time a person needs for a way segment changes with the speed. However,

in the described approach, it is assumed that each way segment is taken with the same speed,

disregarding individual differences in speed but also natural characteristics like slope or type

of ground. Therefore, during the research and development cycle a parameter describing the

speed should be implemented to make the approach more realistic.

There are also limitations with the used concentration function used as a function to estimate
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the negative impact. In the described approach, a static concentration function was used.

However, the fate of pesticides and related processes lead to varying concentrations over time

and the concentration function becomes a function with a temporal and spatial component

c(x, y, t). If c has a temporal dimension, then also the way segments’ weights change over

time and have a temporal dimension.

In the described approach, the environmental concentrations are taken as a measure for expo-

sure. However, pesticides must come in contact with biological entities and must be uptaken

to lead to a negative effect. With personal protective equipment, it is possible to reduce the

uptaken amount. Therefore, in a further step during the research and development cycle, the

approach should implement personal protective equipment or other methods to reduce the

uptaken amount, e.g., by a uptake reduction factor r on an individual base.

The optimization problem described in section 13.5 is only related to the pesticide concen-

tration in the environment. But concentration or exposure alone is not enough to estimate

the risk caused by pesticides; toxicity also plays an important role in risk assessment (section

3.2.1). If the described approach is extended to different pesticides with varying toxicity, it

would make sense to use a toxic-unit function, as described in [Spr70], whereby the amount is

related to a toxicological endpoint. A toxic-unit function would be a more realistic function

to estimate the negative impact than a concentration function alone, especially if there are

more than one pesticides in the environment in which a person wants to walk.

A similar approach was used by [Alz10], whereby the shortest paths through a field of ra-

diation were calculated with Dijkstra and Bellmann-Ford algorithms. Another application

of a shortest-path problem for radiation reduction for walks in a power plant building can

be found in [LXYY21]. In contrast to the more general approach described in this thesis, a

discrete step function was used as irrigation function.

Summarizing, the described approach can help to reduce exposure to pesticides when a per-

son wants to find a way through an area with contaminants in the air and can be used in

an SDSS. During the research and development cycle in the LL, algorithms to solve the

shortest-path problem must be selected according to the performance of the algorithms and

the available hardware. There are still ways, which were mentioned in this chapter, to improve

the described method in the research and development cycle.
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This part deals with risk mitigation strategies that are adapted to the characteristics in less-

developed countries and to the described LL approach. They can be regarded as low-cost

methods and are free of charge when they operate with open-source software that is adapted

to the characteristics of rural communities in less-developed countries.

They can help to minimize the release of pesticides into the environment (precision farming

approach, section 10) and exposure of community members to pesticides (path integral, section

13) or to identify areas with high pesticide use for monitoring programs (11).

The developed open-source risk mitigation strategies are an example for a possible tool set

for risk mitigation strategies that can be brought into the research and development cycle of

an LL from the perspective of a geoscience- and modeling-related stakeholder. In the research

and development cycle, they can be, for example, adjusted, further developed, and improved

based on the needs of the community.

The described risk mitigation strategies can be regarded as a base for a repository of possible

risk mitigation strategies in a LL with a low cost framework. However, there are also different

other risk mitigation strategies thinkable, also from other scientific disciplines or fields not

mentioned in this thesis. For example the application of AI based chat bots as risk mitigation

tool comes more and more common [KHN+24].

However, not every risk mitigation strategy fits to the different people in an LL community

in the same way. For example, the VRT approach described in chapter 10 fits more for people

involved in the agricultural working process than for people not directly involved in pesticide

application practice. The following part deals with methods with which it is possible to

determine the fitness of risk mitigation strategies according to, e.g., personal, environmental,

and economic parameters in an SDSS .
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approach

One of the aims of the thesis is to develop an SDSS that can act as a countermeasure against

the prevalence of CKD in less-developed countries with an unknown etiology. Decision sup-

port might help to improve the situation in CKD affected areas. With the mathematical

methods described in the following chapters, it should be possible to build an SDSS system

adapted to the characteristics of a rural community in less-developed countries and that can

be developed and used in an LL approach.

According to [Kee03], an SDSS is a system that helps to make decision making easier by using

a computer when the decision has a spatial component. Mostly, GIS is a system used with

an SDSS in order to store, access, and manipulate spatial data.

The following chapter combines results from the previous chapters and determines require-

ments for a possible solution for an SDSS in the described framework.

15.1 Problem, aim and background of an SDSS in the described

framework

People endangered by a disease of unknown etiology caused by agrochemicals might not have

complete knowledge about existing risk mitigation strategies or of their spatial and temporal

availability and effectiveness. They need a tool that can help them make better decisions

in choosing a appropriate risk mitigation strategy in relation to parameters with a spatial

dimension, with the overall aim of mitigating the risk of a disease caused by agrochemicals.

Such a tool can be an SDSS.

Definition 15.1.1 (SDSS) “SDSS are integrated computer systems that support decision
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makers in addressing semistructured or unstructured spatial problems in an interactive and

iterative way with functionality for handling spatial and nonspatial databases, analytical mod-

eling capabilities, decision support utilities such as scenario analysis, and effective data and

information presentation utilities” [SD10, p. 14].

According to this definition, an SDSS is more than merely a system that helps make decisions

on spatial and temporal data, but the term also implies tools for data handling and visual-

ization utilities.

Research on systems for decision support without a spatial component, further called Decision

Support System (DSS), started in the 1970s. The main applications of DSS were in economics

and business [Kee03]. As spatial data has large data processing and manipulation require-

ments, the application of DSS with a spatial components started with the commercial use of

computer systems in the middle of the 1980s. In the first SDSS approaches, DSS were com-

bined with GIS tools to expand decision making to spatial topics [CWP95]. Currently, SDSS

have wide applications, e.g., in the fields of land-use planning [YDT+12, CDT12], biodiversity

conservation topics [BCD+13, PSK+11], agriculture [ZMBM20, RZJ+20], or health-related

topics [KTVC12, GAD+22]. Common methods to generate decision support are, among

others, weighted linear combination, cellular automata, agent-based models, ANN, and fuzzy

modeling [SD10].

In the literature, there are few SDSS for application in agriculture and related to pesticides

and fertilizer input. For example, [AAS14] develop a fuzzy logic-related method for decision

support in fertilizer management based on soil nutrition maps and cropping dates. [RZJ+20]

describe an SDSS that gives site specific decision support in terms of fertilizer management in

maize cultivation. Through the application of the SDSS, an increasing yield could be achieved

with slightly decreased inputs. An ANN-based approach to predict the temporal development

of plant virus diseases and insect pests in relation to meteorological parameters can be found

in [LYGM06].

In the present thesis, an approach is developed for how such an SDSS can be constructed

with available mathematical methods and open-source software to inform people exposed to

risks or who suffer from the disease about the best-fitting risk mitigation strategies. The

decision making in the described approach is done by incorporating different parameters that

determine the fitness of risk mitigation strategies tailored to the user and environmental pa-

rameters. The SDSS should be designed in a way that it learns by the users’ feedback about

the proposed risk mitigation strategy to improve decision making and that the decision mak-
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ing process should be also adapted to changes in environmental parameters. Requirements

for such a system are determined in the following chapter.

15.2 Requirements for an SDSS in the described framework

In the following section, requirements and constraints for an SDSS system in the described

framework are determined.

(R4.1) Tailored decision support: The proposed SDSS should give decision support

that is tailored to the personal characteristics of the user, available risk mitigation resources,

and environmental parameters with a spatial and temporal dimension. Expressed mathemat-

ically, a system is needed that performs a mapping to the grade of fitness of different risk

mitigation strategies in relation to predefined input parameters. Therefore, the decision sup-

port, e.g., proposing the fitness of different risk mitigation strategies, must be adopted to the

users’ characteristics and the area profile, e.g., environmental or social-economic characteris-

tics, to achieve the highest risk mitigation benefit.

For example, it does not make sense to propose a tutorial in text form about the usage of

pesticides to an illiterate person or a person not working with pesticides. Additionally, for a

person in an early stage of the disease other risk mitigation strategies are required than for a

person suffering from CKD at a higher stage.

The grade of fitness of a risk mitigation strategy must also be adapted to environmental pa-

rameters, such as precipitation or mean temperature. Environmental parameters can be used,

e.g., to suggest the right application time to minimize the used agrochemical amount or to

suggest strategies applicable only in a specific temperature.

Social parameters must be considered, e.g., if some risk mitigation strategies are not accepted

through cultural or religious restrictions. Additionally, the spatial and temporal availability of

resources needed for a distinct risk mitigation strategy must be considered, e.g., if protective

clothing is not available at a location, this risk mitigation strategy should not be suggested.

The proposed risk mitigation strategy must also be adapted to the existing risk, e.g., to the

amount of a agrochemical in the environment. Overall, the system must be able to suggest risk

mitigation strategies with the highest benefit for the user based on the available ressources.

(R4.2) Learning system: To achieve the highest benefit from decision support, the devel-

oped system must be organized in a way that it is able to learn from existing cases in order
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to improve decision support through feedback and learning. The system should be able to

deal with feedback of the user if the proposed risk mitigation strategy is compatible with his

or her needs and constraints and adjust the decision support in following cases to the user’s

feedback. Through this learning procedure, the decision making process should be improved

in similar cases that follow. An on the fly learning procedure is required in which new data

delivered by the users is used to improve the decision algorithm.

(R4.3) Dealing with incomplete and noisy data: The system must deal with noisy

and incomplete input data that might come from surveys in regions with low infrastructural

resources. This is the case if the results of surveys are used in which some data items are

missing or where data generation has methodological errors resulting in noisy data.

(R4.4) Fast data delivery: Because of the high toxicity of the regarded substances and

fast fate of agrochemicals, it is necessary to have a system that delivers data about the grade

of risk or grade of quality quickly and with high quality and accuracy.

(R4.5) Data heterogeneity: Data from different sources with different data quality describ-

ing the same topic must be usable, e.g., if data about the personal exposure is not directly

available, maps visualizing application rates or the applied substance amount per year should

be used as a proxy variable instead.

(R4.6) Adaptable and free software: The system should be usable in less-developed

countries as a possible low-cost risk mitigation strategy. That means that the used software

and algorithms must be free. Additionally, adaptation of the software components of the

SDSS during the research and development cycle or to structurally equivalent problems must

be possible, resulting in the use of open-source software.

(R4.7) Fuzzy logic and rules: In the example of CKD in El Salvador, for some necessary

input parameters, crisp values were not available, but fuzzy values were. In this case, the

system must be able to work with fuzzy values.

Rules to determine the fitness of different risk mitigation strategies can be expressed in logical

expressions with which it is possible to calculate the grade of fitness. As, inter alia, fuzzy

values are used, the system should be able to work with fuzzy logic.

(R4.8) Rule extraction: In the field of a disease with unknown etiology such as CKD

in particular, relations between possible risk factors and the impact and risk are not exactly

clear. In the best case, the system should be able to extract rules from presented input-output

value patterns with which human experts can, for example, generate new hypotheses of the

etiology of the disease.
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The overall aim of the SDSS is to evaluate the grade of fitness for all risk mitigation strategies

in relation to personal, social, and environmental parameters with the aim of determining the

personal fitness of each risk mitigation strategy adapted to the user’s situation and parame-

ters.

In the following chapters, methods and software implementations are introduced with which

it is possible to create an SDSS fulfilling the mentioned requirements. In chapter 18, the re-

quirements are taken up again, and a possible solution for an SDSSin the described framework

is developed in which the different chapters of the thesis are brought together.

215



16 | Fuzzy sets, fuzzy logic, and ANN and their

use in an SDSS

In an LL in less-developed countries, as proposed in this thesis, it is assumed that data

necessary to give decision support or monitor the success of risk mitigation strategies might

be fuzzy. With the mathematical concepts fuzzy sets, fuzzy logic, and fuzzy rules, it is possible

to deal with such fuzzy data. The concept of ANN can be used, inter alia, to give personalized

decision support, as proposed in chapter 15. Therefore, in this chapter the mathematical basics

about fuzzy sets 16.2, fuzzy logic 16.2.4, and ANN 16.3 are introduced. The theory of fuzzy

sets and fuzzy logic are necessary for dealing with non-crisp fuzzy data mathematically.

16.1 Introduction: the use of fuzzy sets and fuzzy logic in the

described LL framework

The first chapters of this part of the thesis deal with fuzzy sets and fuzzy logic. This mathe-

matical theory is used frequently in the following thesis, e.g., to combine two maps logically or

also for a fuzzy logic controller in section 16.2.4, to determine the best-fitting risk mitigation

strategies. These mathematical concepts are used because a lot of data used in the described

LL approach, e.g., the grade of illiteracy or the grade of CKD, is fuzzy. Through the use of

fuzzy sets and fuzzy rules it is possible to combine, deal, and operate logically on such fuzzy

data. As this concept is essential for the following parts, the first chapters of this part deal

with this concept.

In the chapters after the following, this framework is extended, e.g., how to deal with incom-

plete data, how to use mathematical methods to work with this data, and how to improve

the used fuzzy rules with personalized feedback.
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16.2 Fuzzy set theory

In this section, fuzzy set theory is introduced and applied in the context of agrochemicals and

their related risks.

16.2.1 Introduction to fuzzy set theory

One of the most important concepts in mathematics to describe objects and how they can be

aggregated is the so-called set theory. The axiomatic set theory, as used nowadays, was estab-

lished by the German mathematician Georg Cantor in his paper ”Beiträge zur Begründung

der transfiniten Mengenlehre” in 1895 [Can95].

Definition 16.2.1 (Set) A set is any aggregation M of certain well-differentiated objects m

of our view or thought, which are called the elements of M , into a whole [Can95].

In classical set theory, a set is characterized by specifying its elements. If two sets A and B

have the same elements, then they are called equal. If an element b belongs to a set B, it is

symbolized with b ∈ B. According to the previous definition, an element does not have to be

a number; the elements of a set can be any object, including sets themselves or names. In

ordinary set theory, there are also operators, such as union ∪ or intersection ∩, with which it

is possible to operate on sets or combine them with logical expressions [AHK+15].

According to the classical set theory, an object can be either an element of a given set or not.

However, in reality, it is often hard to make such a crisp differentiation.

For example, regarding a set F , which consists of all temperatures in which a human being

would say that he or she has a fever, it is clear that a temperature of 37 is not an element

of F (37 /∈ F ), however a temperature of 40 would be an element of F (40 ∈ F ). But what

about a temperature of 38? Does it belong to F or not? Here, it is hard to decide if it is an

element of the set or not. It belongs somehow to the temperatures associated with fever but

not really. With classical set theory as proposed by Cantor, it is not possible to describe such

objects that belong, put simply, partly to an aggregation or set.

Another example for the use of fuzzy set theory and the vagueness in human language is the

statement of whether a human being is large. Without doubt, everybody would say that a

man with a body height of 2 m is large. But this categorization has a smooth transition.

What about a man with a body height of 1.80 m? Is he large? With fuzzy set theory, the

grade of largeness can be described mathematically; for example, a man with a body height

217



CHAPTER 16. FUZZY SETS, FUZZY LOGIC, AND ANN AND THEIR USE IN AN
SDSS

of 1.80 m might have a largeness of 0.6 .

Nowadays, fuzzy set theory has many practical applications. The first applications were in

control theory and engineering and for the development of artificial intelligence and neuronal

networks [Low96]. Currently, fuzzy set theory is used in several different fields, and its appli-

cation is very widespread, such as in profitability assessment [WDB13] and in the analysis of

human behavior [ZT13] or decision making [HC00].

In the described approach of an agrochemical-related LL in a less-developed country, the

gained information, e.g., about the used amount of agrochemicals, might be imprecise and

fuzzy or only describable with linguistic expressions because of missing monitoring or concrete

measuring. For such fuzzy data, the classical set theory and related operators, as proposed

by Cantor, do not work. [Zad65] proposed a mathematical theory called fuzzy set theory and

fuzzy logic with which it is possible to operate on such fuzzy data and sets.

Fuzzy set theory is a theory which describes and links fuzzy sets and was first described in

[Zad65].

Definition 16.2.2 (Membership function) A fuzzy set is characterized by a mapping µ

from an underlying set Ω to the real unit interval:

µ : Ω −→ [0, 1] (16.1)

ω 7−→ µ(ω) (16.2)

[Bie97]

The function µ is called membership function, and its values are called grades of membership.

The membership function can be described by a functional equation, a functional graph, or

the pairs of value of the elements and their grades of membership. A membership function

can be determined by empirical methods or manually. For the manual determination, expert

knowledge of the problem is needed [Bie97].

Figure 16.1 illustrates a sample membership function, mapping from IR to [0, 1]: In the

framework of an agrochemical-related LL, fuzzy set theory is, inter alia, used to visualize

tempo-spatial tasks, such as the grade of risk related to space and time. For spatial or tempo-

spatial tasks, Ω gets a spatial and or temporal dimension, for example, by incorporating

latitude, longitude, and time. Thus, fuzzy logic can also be used in data with a spatial and

temporal task.

Regarding the whole Earth, Ω can be for example expressed as

Ωs := [−90◦,+90◦] × ]− 180◦,+180◦] (16.3)
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Figure 16.1: Graph of a sample membership function µ(x) = 1

1+e−0.3·(x−20) (figure generated with GNU

Octave).

or by incorporating space and time as

Ωst := [−90◦,+90◦] × ]− 180◦,+180◦] × Nt (16.4)

with Nt ⊆ IR. In figure 16.2, an example for a map with a mapping [−10, 10] × [−10, 10] →

[0, 1] is visualized. Data with a spatial and temporal dimension can be visualized as a sequence

of maps, with each map in the sequence representing the situation at one time point.

The fuzzy sets that can be built over the fundamental set Ω are symbolized with Φ(Ω).

In contrast to ordinary set theory, where objects can be only part of a set or not, in fuzzy

set theory, objects can partly belong to a set, described as a grade of membership. In the

concept of binary logic and classical set theory, the membership of an element to a set can

only be described as true (1) or false (0). In fuzzy set theory, each element of a set can be

characterized with grades of membership between 0 and 1 [Zad65].

Ordinary sets can be considered as special fuzzy sets, where all objects belonging to a set

have a grade of membership of 1.

Additionally, fuzzy set theory is a concept that enables the handling of linguistically formulated

knowledge. Zadeh postulated that in reality, classes often do not have precise membership

criteria [Gra95]. The concept of fuzzy theory was introduced to model and deal with linguistic

uncertainty and vagueness mathematically. The mentioned uncertainty is not a result of the
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Figure 16.2: A sample map with fuzzified values (figure generated with GNU Octave).

lack of knowledge about whether an event will occur or not, as in the probability theory. It

is a result of the problem that precise definitions with proper thresholds are not possible or

meaningful.

Fuzzy sets can be used to model fuzzy probability statements such as if the occurrence of an

an event is very probable [Bie97].

For some tasks in the LL, data must be transformed into fuzzy data. This process is called

fuzzification. Fuzzification is also a method used when working with linguistic variables.

Within this thesis, a distinction is made between two concepts. In the first concept, further

called fuzzification without term set, a crisp value is transformed into a grade of membership

related to a single variable, e.g., the variable risk. To understand the concept of fuzzy logic,

linguistic variables must be defined and described:

Definition 16.2.3 (Linguistic variable) ”A linguistic variable is characterized by a quin-

tuple (x, T (x), U,G,M) in which x is the name of the variable, T (x) is the term set of x that

is the set of names of linguistic values of x with each value being a fuzzy number defined on

U ; G is a syntactic rule for generating the names of values of x; and M is a semantic rule

for associating with each value its meaning.”[LEE90, p. 406].

The application of this definition is illustrated with the term risk in the ecotoxicological

risk assessment (3.2.2). To describe the risk caused by pesticides as a linguistic variable, x
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represents the term risk, the term set of risk can be, e.g., T (risk) ∈ {low,medium, high},

dependent on the choice how fine the risk shall be rated. The risk caused by pesticides is rated

through the calculated TER, which can be in the interval U = [0,+∞]. G is a rule, which

describes the transformation from a crisp value x0, e.g., TER = 100 means ”medium risk” to

a given grade, whereby the rules M describes the process of defuzzification to generate a crisp

output.

Definition 16.2.4 (Fuzzification) "The fuzzification is a process of transforming the crisp

value into a grade of membership using a membership function of the associated fuzzy set."

[Nan12, p. 159]

In this sense, fuzzification can be regarded as a mapping F from the domain U ̸= ∅ to [0, 1],

which transforms a crisp output into a grade of membership:

F : U → [0, 1] (16.5)

t 7→ F (t) (16.6)

Regarding the membership function in Figure 16.1

µ(x) =
1

1 + e−0.3·(x−20)
(16.7)

a crisp value x = 15 can be fuzzified or transferred into a grade of membership of

µ(15) =
1

1 + e−0.3·(15−20)
≈ 0.182. (16.8)

In a second concept of fuzzification, a crisp output is transformed into a grade of membership

related to a term of a variable, e.g., the grade of membership to medium risk.

The following Figure 16.3 gives an example with three membership functions for the terms

low : µl(x) = e−5·x2
, (16.9)

medium : µm(x) = e−5·(x−0.75)2 (16.10)

and

high : µh(x) = e−5·(x−0.75)2 . (16.11)

Fuzzifying, in the sense of the second concept, would mean that an value of x = 1 represents

the following fuzzified values

A(1, low) = e−5·12 ≈ 0.007, (16.12)
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Figure 16.3: Graph of three membership functions, representing the terms low, medium, and high (figure

generated with GNU Octave).

A(1,medium) = e−5·(1−0.75)2 ≈ 0.732, (16.13)

A(1, high) = e−5·(1−0.75)2 ≈ 0.287. (16.14)

In other words, a crisp value of x = 1 belongs to a grade of 0.007 to the fuzzy set low, a grade

of 0.732 to the fuzzy set medium, and a grade of 0.287 to the fuzzy set high in relation to the

given membership functions.

Through fuzzification, concrete information can be lost, e.g., a sharp value. However, through

the transformation into grade of memberships, comprehensiveness can be gained. The use of

fuzzy sets and their advantages in contrast to the crisp set theory is demonstrated in the

following example.

An example of the use of fuzzy logic might be the ecotoxicological risk assessment for pes-

ticides. If it is defined that a TER that causes a risk has a grade of membership of 1 and

a TER that causes no risk has a grade of membership of 0, this can be described with the

following function expression:

c : {x | x ∈ IR, 0 ≤ x ≤ ∞} → {0, 1} (16.15)

x 7→

 0 , if x ≥ 100

1 , else
(16.16)

Equation 16.18 gives an example for a membership function by using fuzzy set theory:
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f : {x | x ∈ IR, 0 ≤ x ≤ ∞} → {0, 1} (16.17)

x 7→ 1− 1

1 + e−x+105
(16.18)

According to [Com02] and equation 3.9 a TER of 99.9 means an acute risk for the tested

aquatic organism, while a TER of 100 means no risk for the organism although the calculated

TER is nearly the same. By considering deviances in the determination of toxicological end-

points for the same species under the same test conditions in different laboratories [BBB+91],

it will be clear why a sharp threshold between the values which mean a risk and no risk makes

little sense. Figure 16.4 shows the relation between the TER values and the grade of risk.

The red line shows the grade of risk with a crisp threshold; the blue line shows the grade of

risk in the sense of fuzzy set theory. According to 16.18, 16.4, and 16.16, with classical set

Figure 16.4: Risk and the TER of a certain compound: crisp threshold according to [Com02] (red) and in

the sense of fuzzy set theory (blue) (figure generated with GNU Octave).

theory as proposed by Cantor, a TER of 105 would mean that there is no risk, c(105) = 0,

and a TER of 95 would mean that there is a risk, c(95) = 0. By using fuzzy set theory, a

TER of 105 means that there is a risk with a degree of 0.5, f(105) = 0.5, and with a TER

of 95, there is a risk with degree near to 1. The last step in this example is a fuzzification

according to definition 16.2.4 Within this chapter, the basic principles of fuzzy sets and their

application were introduced. The following chapter gives an overview of the characteristics of
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fuzzy sets.

16.2.2 Characteristics of fuzzy sets

As mentioned above, this thesis deals with risk maps and grades of risk for human and

ecosystem health. In the following section characteristics of fuzzy sets and their membership

functions are introduced and examples are given how these characteristics can be used in the

described LL approach for example for generating risk maps. The characteristics introduced

in this section are only a part of the available characteristics, which are necessary in the

framework of this thesis.

Definition 16.2.5 (Complement of fuzzy set) The complement of a fuzzy set A, which

is characterized by the membership function so that it is true for all x ∈ Ω is:

µĀ(x) = 1− µA(x). (16.19)

[Bie97]

The complement of fuzzy sets can be used, for example, if there is a map and data available

showing the grade of risk, and if derived from this data, locations should be determined where

there is no risk.

Definition 16.2.6 (Cardinality of finite fuzzy set) The cardinality of a finite fuzzy set

A over Ω (|A|) is equal to the mathematical sum of the grades of membership of its elements:

| A |=
∑
x∈Ω

µA(x) (16.20)

[Bie97]

By comparing the cardinality of two fuzzy sets, e.g., of the elements of risk maps for substance

A and for substance B, the average grade of memberships, e.g., the grade of risk for human

health, can be compared.

Definition 16.2.7 (Height of a fuzzy set) The height of a fuzzy set A (hgt(A)) is the

supremum of its grades of memberships.

hgt(A) = sup µA(x) (16.21)

[Bie97]
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Figure 16.5: Height of a fuzzy set A (figure generated with GNU Octave).

The height of the elements of a risk map gives the maximum of the grade of risk existing in

a considered area.

Definition 16.2.8 (Normalized fuzzy set) A fuzzy set A is normalized if the height of A

is equal to 1:

hgt(A) = 1 (16.22)

[Bie97]

If the height of a fuzzy set is unequal to 1, it is called subnormal.

Sometimes it makes sense to normalize a subnormal fuzzy set, e.g., the grade of memberships

of the elements of a risk map. Thus, the relative risk compared to the maximum risk can be

calculated, and every grade of risk can be simply related to the supremum of the grade of risk

without the knowledge about the accurate supremum value.

With the help of a scale transformation, every subnormal fuzzy set As can be transformed

into a normalized fuzzy set An. The transformation function is called norm.

An = norm(As) (16.23)

Its membership function µAn(x) can be calculated with the following equation:

µAn(x) =
µAs(x)

hgt(As)
(16.24)

In the following figure 16.6, a normalized fuzzy set is visualized.
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Figure 16.6: Graph of a normalized fuzzy set An with a height of 1 (figure generated with GNU Octave).

Definition 16.2.9 (Support of a fuzzy set) The support of a fuzzy set A over Ω, written

as supp(A), is the set of all elements of Ω whose grades of membership are greater than 0:

supp(A) = {x ∈ Ω | µA(x) > 0} (16.25)

[Bie97]

Definition 16.2.10 (Core of a fuzzy set) The core of a fuzzy set A over Ω, written as

core(A), is the set of all elements of A whose grades of membership are equal to 1:

core(A) = {x ∈ Ω | µA(x) = 1} (16.26)

[Bie97]

Definition 16.2.11 (α-cut of a fuzzy set) The α-cut of a fuzzy set A over Ω, written as

A≥α, with α ∈ [0, 1], is the set of all elements of A whose grades of membership are greater

than or equal to the threshold level α:

A≥α = {x ∈ Ω | µA(x) ≥ α} ; α ∈ [0; 1] (16.27)

[Bie97]

Analogous to definition 16.2.11, the strong α− cut can be defined as follows:
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Definition 16.2.12 (Strong α-cut) The strong α-cut of a fuzzy set A over Ω, written as

A>α, with α ∈ [0, 1], is the set of all elements of A whose grades of membership are greater

than the threshold level α:

A>α = {x ∈ Ω | µA(x) > α} ; α ∈ [0; 1] (16.28)

[Bie97]

In terms of risk maps, the support of a fuzzy set contains all elements in which risk occurs,

the core of a normalized fuzzy set contains all elements with a maximum grade of risk, the

strong α − cut all elements with a grade of risk above a threshold level, e.g., above an

acceptable risk, and the α− cut all elements with a grade of risk equal to or greater than the

acceptable risk.

With the help of the characteristics mentioned in this chapter, it is possible to describe and

to characterize single fuzzy sets. In the following section 16.2.3, the relations of fuzzy sets are

introduced.

16.2.3 Relations of fuzzy sets

This thesis deals, inter alia, with maps displaying the grade of risk for human health caused

by pesticides at a specific location, expressed by the grade of membership. As previously

mentioned, risk maps and their elements can be described as elements of fuzzy sets. To

compare, overlay, or intersect these risk maps and their elements, it is necessary to relate

these fuzzy sets to each other. The following section describes how fuzzy sets can be related

to each other.

Definition 16.2.13 (Equality of fuzzy sets) Two fuzzy sets, A and B over Ω, are equal

if and only if their membership functions are equal:

A = B ⇔ µA(x) = µB(x) ∀x ∈ Ω (16.29)

[Bie97]

With this definition, the inequality of two fuzzy sets can be defined.

Definition 16.2.14 (Inequality of fuzzy sets) Two fuzzy sets A and B are unequal if and

only if one element of the fundamental set Ω exists, for which its grades of membership are

unequal:

A ̸= B ⇔ µA(x) ̸= µB(x) ∃x ∈ Ω (16.30)
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[Bie97]

According to these definitions, two risk maps are equal if at every location the grade of risks

are the same. Two risk maps are unequal if at least at one location the grade of risks is

unequal.

Definition 16.2.15 (Subset of a fuzzy set) Let A and B be two fuzzy sets over Ω. A is

a subset of B (A ⊆ B) if and only if for all elements of Ω, the grades of membership of A do

not exceed the grades of membership of B:

A ⊆ B ⇔ µA(x) ≤ µB(x) ∀x ∈ Ω (16.31)

[Bie97]

In several human health problems, an acceptable risk is defined by a threshold value at which

the occurrence of an event is very improbable [Org97]. This acceptable risk can have a spatial

dimension; thus, it can vary at different geolocations, e.g., because of the higher sensitivity of

children, the acceptable risk where a kindergarten is located is below the acceptable risk at a

location where only adults are located.

To gain knowledge about whether the grade of risk for humans in an specific area is acceptable,

e.g., to use it as a settlement area, you can check whether the grade of membership of the

risks for humans is a subset of the grade of membership of the acceptable risk.

Similar to classical logic, the union and intersection of fuzzy sets must be defined. Functions

that fulfill minimal requirements for a intersection operator are called t-norms; functions for

the union are called t-conorm. The operators defined in 16.2.2 are those suggested by Zadeh.

However, in some cases, others’ operators are also usable. To use them, they must fulfill

conditions called t-norms and t-conorms. T-norms are usable for calculating the intersection

of two fuzzy sets, and t-conorms for the union of the fuzzy set.

Definition 16.2.16 (T-norm) A t-norm is a function ⊤: [0,1] × [0,1] −→ [0,1] that fulfills

for all a,b,c,d ∈ [0,1] the following conditions:

(i) ⊤(a, 1) = a identity element

(ii) a ≤ b ∧ c ≤ d ⇒ ⊤(a, c) ≤ ⊤(b, d) monotonicity

(iii) ⊤(a, b) = ⊤(b, a) commutativity

(iv) ⊤(a,⊤(b, c)) = ⊤(⊤(a, b), c) associativity

[Bie97]
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Figure 16.7: Example for a subset B of the set A: B ⊆ A (figure generated with GNU Octave).

Definition 16.2.17 (T-conorm) A t-conorm (s-norm) is a function ⊥: [0,1] × [0,1] −→

[0,1] that fulfills for all a,b,c,d ∈ [0,1] the following conditions:

(i) ⊥(0, a) = a identity element

(ii) a ≤ b ∧ c ≤ d ⇒ ⊥(a, c) ≤ ⊥(b, d) monotonicity

(iii) ⊥(a, b) = ⊥(b, a) commutativity

(iv) ⊥(a,⊥(b, c)) = ⊥(⊥(a, b), c) associativity

[Bie97]

It is important for such operators that they have as much as possible in common with the

classical set operators.

Through the conditions (iii) and (iv), the t-norm and t-conorm operators are such that the

results of the union or intersection are independent from the order of the fuzzy sets. Condition

(ii) is responsible for the fact that if the grade of membership of one operand increases, the

result of the operation does not decrease.

The first three axioms of the t-norm and t-conorm definition lead to the following facts for

the logical endpoints 0 and 1:

⊤(0, 1) = ⊤(1, 0) = ⊤(0, 0) = 0, ⊤(1, 1) = 1 (16.32)

and

⊥(0, 1) = ⊥(1, 0) = ⊥(1, 1) = 1, ⊥(0, 0) = 0 (16.33)

The previous equations make clear that on the endpoints 0 and 1, the t-norms and t-conorms

act like the classical logical operators AND and OR.
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According to [NKK94], t-norms and t-conorms can be transferred into each other:

⊥(a, b) = 1−⊤(1− a, 1− b) ∀a, b ∈ [0, 1] (16.34)

and

⊤(a, b) = 1−⊥(1− a, 1− b) ∀a, b ∈ [0, 1] (16.35)

Regarding definitions 16.2.16 and 16.2.17, all functions fulfilling the given axioms can be used

to calculate the intersection or union of fuzzy sets.

Often used t-norms ⊤ and t-conorms ⊥ are listed in table 16.1: According to [Roj96], by

Table 16.1: Often used t-norms and t-conorms according to [NKK94]

a ∩ b a ∪ b

⊤min(a, b) = min{a, b} ⊥min(a, b) = max{a, b}

⊤Luka(a, b) = max{0, a+ b− 1} ⊥Luka(a, b) = min{0, a+ b− 1}

⊤prod(a, b) = a · b ⊥prod(a, b) = a+ b− a · b

using ⊥min(a, b), the union can be extended to the following equation:

µA∪B(x) = µA(x) ∨ µB(x) = max{µA(x), µB(x)} (16.36)

If ⊥min is used as the the union operator of two fuzzy sets A and B (A ∪ B) with the

membership functions µa : Ω → [0, 1] and µb : Ω → [0, 1], the resulting fuzzy set has the

membership function

µA∪B : Ω → [0, 1], (16.37)

so that for all x ∈ Ω the function

µA∪B(x) = max{µA(x), µB(x)} (16.38)

is true.

The union operator can be used if there are two risk maps that are independent from each

other to combine them, e.g., if one risk map visualizes the grade of risk for species A and the

other risk map the grade of risk for species B. If both species do not interact with each other,

the union operator can be used to determine the risk for the biocoenosis.

In figure 16.8, the graph of the union of two fuzzy sets is visualized in which ⊥min was used

as union operator.
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Figure 16.8: Example for the union of two fuzzy sets A and B by using ⊥min (figure generated with GNU

Octave).

According to [Roj96], by using ⊤min(a, b) the intersection be extended to the following

equation:

µA∩B(x) = µA(x) ∧ µB(x) = min{µA(x), µB(x)} (16.39)

If ⊤min is used as intersection operator of two fuzzy sets A and B (A∩B) with the membership

functions µA : Ω → [0, 1] and µB : Ω → [0, 1], the resulting fuzzy set has the membership

function

µA∩B : Ω → [0, 1], (16.40)

so that for all x ∈ Ω the function

µA∩B(x) = min{µA(x), µB(x)} (16.41)

is true.

The intersection operator can be used in the framework of risk maps if a risk only occurs

when two risk risk factors are present at the same location and time to determine areas and

times where the risk occurs.

Figure 16.9 gives an example of the fuzzy intersection by using the ⊤min operator: The min

and max operators are operators belonging to classical logic. For some tasks, it is necessary

to use other operators such as the product or bounded sum. To use such operators, it is

necessary that they fulfill the mentioned conditions for t-norm and t-conorm. In other cases,
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Figure 16.9: Example for the intersection of two fuzzy sets A and B (figure generated with GNU Octave).

it might be necessary to define new operators, e.g., if how the output of a process looks and

the related input variables are known. To gain an operator, connecting the input parameters

with the output new operators can be defined that fulfill the mentioned conditions. This can

be regarded as an optimization problem.

Definition 16.2.18 (Bounded sum) The bounded sum of two fuzzy sets A and B with the

membership functions µA:Ω →[0, 1] and µB:Ω →[0, 1] is a fuzzy set with the membership

function µA⊕B:Ω →[0, 1]:

µA⊕B(x) = min{1, µA(x) + µB(x)}, ∀x ∈ Ω (16.42)

[Gra95]

The bounded sum can be used if there are two risk maps for substances A and B and if they

interact in an additive way. This means that the resulting grade of risk is the sum of the

grade of risk of substance A and of substance B. If it is defined that a grade of risk of 1 means

the highest risk with a defined endpoint like death, then it is clear why the resulting grade of

risk cannot be higher than 1. For several tasks within an agrochemical related LL, fuzzy sets

must be related to each other. In mathematics, relations can be understood as subsets of the

Cartesian product of related crisp or fuzzy sets [Bie97].
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Figure 16.10: Bounded sum of two fuzzy sets A and B (figure generated with GNU Octave).

Definition 16.2.19 (Fuzzy relation) Fuzzy relations are sets whose universe is a Cartesian

product X × Y , i.e., a fuzzy relation is a mapping

ρ : X × Y → [0, 1]. (16.43)

The value ρ(x, y) indicates, how strong x is in relation to y.

[NKK94]

For example, let A be a set with 4 different active ingredients, A = {AI1, AI2, AI3, AI4 } and

B be the set of organs that can be damaged by the active ingredients, B = { liver, kidney,

stomach }. A fuzzy relation ρ : A × B → [0, 1] would, for example, describe the relation

”it damages the following organs”. For example, ρ(AI2, liver) = 0.9 would indicate that the

substance AI1 leads to a damage of the liver with a grade of 0.9 .

As mentioned in definition 16.2.19, fuzzy relations are calculated by the Cartesian product of

fuzzy sets:

Definition 16.2.20 (Cartesian product of fuzzy sets) The Cartesian product of n fuzzy

sets A1, ..., An on the underlying sets Ω1,Ω2, ...,Ωn, expressed as A1×...×An, is the fuzzy set of

all ordered n-tuples (x1,..., xn) in the product space Ω1× ...×Ωn with the membership function:

µA1×...×An(x) = mini{µAi(xi)|x = (x1, ..., xn), xi ∈ Ωi}. (16.44)

[Bie97]
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According to definition 16.2.20, the Cartesian product is defined in such a way that the mem-

bership of a tuple in the product set is equal to the minimum of the degrees of membership

of these elements in the sets from which the product set is formed.

With the help of definitions 16.2.19 and 16.2.20, it is possible to calculate fuzzy relations.

For some tasks within the described LL, it is necessary to relate two fuzzy relations with a

mathematical technique called composition.

To understand the operation methods of a fuzzy controller it is also important to introduce

the composition of two fuzzy relations. To composite the grade of membership of the tuples

of two fuzzy relations a union or intersection operator is needed. Such an operator is needed

because the composition is not an injective mapping. Thus, an operator such as the min

or max operator are needed to choose the right grade of membership of the tuple. For the

conjunction in general, t-norms are used. Such compositions with t-norms are called sup-star-

compositions. [Bie97]

Definition 16.2.21 (Sup-star-composition) The result of the sup-star-composition of two

fuzzy relations R1 ⊆ A1 ×A2 and R2 ⊆ A2 ×A3 is the fuzzy set R3 of all ordered pairs

{(x, z)|∃y ∈ A2((x, y) ∈ supp(R1) ∧ (y, z) ∈ supp(R2))} (16.45)

with the membership function:

µR3(x, z) = supy t(µR1(x, y), µR2(y, z)). (16.46)

[Bie97]

In the working field of pesticides and ecotoxicology, such compositions can be used, e.g.,

if there are two relations, e.g., one relation between the toxicity and the number of killed

organisms in a laboratory experiment and a second relation describing the dependence between

the number of killed Daphnias to the decrease in algae development. With a composition

between these two fuzzy relations, it is possible to gain the grade of membership of the

resulting relation between the toxicity and the decrease in algae development.

The mechanism behind a fuzzy logic controller (section 16.2.4) can be explained with rules

based on IF ... THEN ... requests. Such IF ... THEN ... statements can be regarded as

implicational relations [Bie97].
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Definition 16.2.22 (Implication) Let p and q be two propositions. In classical logic, the

implication p ⇒ q is a conjunction of two propositions that is only false if p is true and q is

false. In other words, this issue can be expressed as if p, then q [AHK+15].

In classical logic, p and q can have the truth values true (1) or false (0). Therefore the classical

binary implication operates on {0, 1} × {0, 1} → {0, 1}.

In table 16.2, the truth table of the implication in classical two-valued logic is visualized:

However, the mentioned concept and definition 16.2 only work for binary logic. As mentioned

Table 16.2: Truth table of the implication p ⇒ q for classical two-valued logic

p q p ⇒ q

1 1 1

1 0 0

0 1 1

0 0 1

above, processed data within the LL is sometimes fuzzy. For fuzzy logic, there is also an

implication operator, called fuzzy implication, which makes it possible to work logically on

multi-valued logic, as fuzzy sets and fuzzy values are processed.

In fuzzy logic, truth values are in the interval [0, 1]. Therefore, a fuzzy implication operator

operates on [0, 1] × [0, 1] → [0, 1]. There are different operators available to model a fuzzy

implication. As binary logic is a special case of fuzzy logic, the fuzzy implication operators

should be such that the classical implication with binary truth values should also fit for these

operators [OB87].

There are different operators available that fulfill the mentioned requirements for a fuzzy

implication [OB87, Fod91]. In the following table, often used fuzzy implication operators are

given in which µA(x) and µB(y) represent the grade of truth of x and y and µR(x, y) the

truth value of the implication [CCBC04]:

It is obvious that all fuzzy implication operators listed in table 16.3 lead to the same

result for the extreme values µA(x) = 0, µA(x) = 1 and µB(y) = 0, µB(y) = 1, as the classical

implication for classical two-valued logic. However, for truth values or grade of memberships

in the interval ]0, 1[, the truth values for µR(x, y) differ for the listed implication operators.

More about the characteristics of the different fuzzy implication operators can be found in
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Table 16.3: Some often used fuzzy implication operators [CCBC04]

Operator name µR(x, y)

Lukasiewicz min{1 , 1− µA(x) + µB(y)}

Kleene-Dienes max{1− µA(x), µB(y)}

Zadeh max{min{µA(x), µB(y)}, 1− µA(x)}

Goguen

 1 , if µA(x) < µB(y)

µB(y)
µA(x) , else

[CCBC04], [Fod91] or [SM87].

In classical binary logic, p ⇒ q is equivalent to ¬p ∨ q [AHK+15]:

(p ⇒ q) ⇔ (¬p ∨ q) (16.47)

In fuzzy logic, the truth value of p is represented by a grade of membership µA(x), and the

truth value of q is represented by a grade of µB(y). Therefore, ¬p ∨ q can be written as

¬µA(x) ∨ µB(y). (16.48)

According to definition 16.2.5, ¬µA(x) can be written as 1− µA(x), resulting in

(1− µA(x)) ∨ µB(y) (16.49)

and by using max as the ∨ operator (equation 16.36):

max(1− µA(x), µB(y)). (16.50)

Transferring ¬p ∨ q into fuzzy logic leads to the Kleene-Dienes implication operator.

For the other implication operators listed in table 16.3, there are similar reasons they are used

as fuzzy implication operators.

With the definitions and results of the last two chapters, the basics about fuzzy logic and how

fuzzy sets can be combined logically were introduced. In the following chapter, these findings

are necessary to understand the principles of a concept based on fuzzy logic, called fuzzy logic

control.

16.2.4 Fuzzy Logic Controller theory

Fuzzy logic control is based on the theory of Lotfi Asker Zadeh called fuzzy set theory [Zad65]

(section 16.2). The first application of fuzzy control was described by Mamdani et al. in 1975
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[MA75]. They used a fuzzy logic controller to control the valves of a steam engine. In the

1970s, the research and development of fuzzy controlled systems increased. At the beginning

of the 1980s, fuzzy controllers had their first usage in industrial processes [LEE90]. In 1987,

the control of an automated underground tram for Sendai (Japan) was developed with fuzzy

control. Today, fuzzy control has a wide usage in industrial processes as well as in our every-

day lives, such as in a lot of consumer goods, e.g., the automotive industry [PH11]. Today,

there are many applications of fuzzy logic control, such as in the controls for wind turbines

[SHA+18], photovoltaic systems for achieving maximum power output [LWHJ19], or urban

drainage systems [Li20].

Fuzzy control can principally be used everywhere for processes that can be controlled by

trained human professionals. It is not necessary that the mechanism or a control algorithm

is exactly known [LEE90]. In classical control and feedback control systems, the control is

realized through the use of concrete mathematical and natural science models, e.g., expressed

as functions like differential equations. In a classical control unit, a process is controlled by

measuring a process variable that is compared with a setpoint. The difference between the

measured variable and the setpoint is fed back to the system and influences the system. The

aim of such a control with feedback is to minimize the difference between the process variable

and the setpoint. To determine a function of the setpoints in relation to the process variables

it is necessary to have a mathematical model of the control loop. To develop the model for

such a controller, special experience is often needed [Trö11].

If it is not possible to find a mathematical model based on the knowledge of the physical

structure behind a process and the related theory, it is possible to find such relations with

experimental methods. However, such control units often have restricted usability and the

quality is mostly limited [Bie97].

However, for many tasks, it is not possible or too difficult to find concrete equations or re-

alize a classical controller with which the control of a system is possible. Missing explicit

mathematical equation can be for example attributed to a lack of data, if calculations are

computational expensive or if it is wanted to limit the model to a specific class of functions

for which solving necessary equations is not possible. Nevertheless, for some of these prob-

lems, humans have the ability to describe the control of this process in linguistic expressions

and conditions. The control of these processes can be realized with a fuzzy logic controller

[Bie97].

The mode of operation of a fuzzy controller is based on a set of several linguistic rules, which
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are expressed in IF ... THEN ... conditions or implications, for example:

IF inhalation of a toxic substance is high, THEN the fitness of risk mitigation X is high.

The IF part in an implication is called antecedent, and the THEN part consequent.

These conditions or implications are subsequently evaluated together with the input param-

eters and the fuzzy controller generates an output value [LEE90].

In general, a fuzzy controller consists of the processes fuzzification, decision-making logic based

on the knowledge base, and, in the last step, the defuzzification [LEE90]. The schematic func-

tion of the fuzzy controller is visualized in figure 16.11.

The most used fuzzy controller are the control systems described by Mamdani [MA75] and

Figure 16.11: Schematic function of a fuzzy controller according to [LEE90] (figure generated with GNU

Octave).

the system described by Takagi and Sugeno [TS83].

Definition 16.2.23 (Mamdani-fuzzy-system) A Mamdani-fuzzy-system MFR is a map-

ping

MFR : X → Y, (16.51)

with X = X1 × · · · ×Xn ⊆ IRn named as the domain and Y = Y1 × · · · × Ym ⊆ IRm named

as the co-domain. The vectors x = (x1, . . . , xn) ∈ X and y = (y1, . . . , ym) ∈ Y are input and

output vectors, respectively.

R is called fuzzy rule base, which determines the structure of the fuzzy system:

R = {R1, . . . , Rr} (16.52)

Each rule Rk ∈ R is a tuple of fuzzy sets

Rk = (µ
(1)
k , . . . , µ

(n)
k , ν

(1)
k , . . . , ν

(m)
k ), (16.53)
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in which µ
(i)
k is a fuzzy set over the range of the input variable xi and ν

(j)
k a fuzzy set over the

range of the output variable yj.

We define

MFR(x) = y = (y1, . . . , ym), (16.54)

with

yj = defuzz

(
⊥

Rk∈R
{ν̂(j)k }

)
:= defuzz

(
⊥

(
r⋃

k=1

{ν̂(j)k }

))
, (16.55)

with

ν̂
(j)
k : Yj → [0, 1], yj 7→ ⊤{τk, ν

(j)
k }, (16.56)

with

τk = ⊤{µ(1)
k (x1), . . . , µ

(n)
k (xn)}. (16.57)

In this sense, τk is the degree of fulfillment of the fuzzy rule Rk and defuzz a defuzzifying

method

defuzz : F → IR, (16.58)

which transforms an output fuzzy set ν̂(j)k into a crisp output value.

[BKKN03]

The rule base consists of different IF ... THEN ... implications or rules Rr, for example

Rr : IF x1 is µ(1)
a and .... xn is µ

(n)
b THEN y is νc. (16.59)

The definition above is a very basic definition based on the original concept as proposed by

Mamdani, whereby in the rules the statements of the consequent and antecedent part of the

fuzzy implication are only connected with the fuzzy AND operator, mathematically expressed

as a t-conorm ⊥. For ⊤ and ⊥, each of the operators described in Table 16.1 can be used.

However the single statements in the IF ... THEN ... rules can also be connected with the

fuzzy OR operator or with a t-norm.

The fuzzy controller of Mamdani type can be described in the following way:

For each of the sets of values for the input variables X1, ...Xn and the output variable Y , ap-

propriate partitions and suitable linguistic terms such as small, medium or large are defined

using fuzzy sets, and each of these fuzzy sets is associated with a linguistic value.

The rule base is created by an expert or by a algorithm as described in the following section

16.4.3. Each rule in the rule base can be interpreted as a piece of a piecewise defined function,

and each rule defines a fuzzy value of the output or control function. In the operating phase,
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the rules are fed by data. The rules are then evaluated, and the degree of fulfillment τk is

calculated. Then, the output membership functions of the different rules are combined to a

single output membership function, and consequently, a crisp output value is determined via

a defuzzification method.

Defuzzification means that the grade of the output variable must be defuzzified and, therefore,

transformed from a fuzzy into a crisp value. For defuzzification, there are different methods de-

scribed in literature, such as Center-of-Area Method (COA), Mean-of-Maxima Method (MOM)

[BKKN03], Center-of-Maximum Method (COM) [Bie97] and several others [Run96], [JSD22].

The methods differ in their usability. For example, some can only be used with symmetri-

cal membership functions, they can differ in the quality of calculated crisp output or in the

method how a crisp output value is derived from an output fuzzy set and in the complexity

of the calculation. A detailed description of the different methods for defuzzification can be

taken from the cited literature.

One of the most often used methods with low requirements, e.g., on the output member-

ship functions, is COA, which will be briefly described in the following: In the COA, the

x-coordinate of the centroid of the area between the x-axis and the output fuzzy set is used

as the crisp output value yi of the FLC [BKKN03].

Definition 16.2.24 (Centroid of a function) The x-coordinate of the centroid xs of a

function f(x) within the borders a and b is calculated by

xs =

b∫
a
f(x) · x dx

b∫
a
f(x) dx

, (16.60)

b∫
a
f(x) dx ̸= 0

[BKKN03]

Therefore, the crisp output value yc of a FLC of Mamdani type is calculated as the x-value

of the centroid of the calculated output membership function µc(y)

This leads to the following formula to calculate yc with the COA method:

yc =

∫
µc(y) · y dy∫
µc(y) dy

(16.61)
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µc(y) dy ̸= 0. Often, especially in FLC like described in 16.2.4, triangle functions in the

form of

µt(x) =

 1− | m−x
d | , if m− d ≤ x ≤ m+ d

0 , else.
(16.62)

or functions representing a Gaussian distribution, such as

µg(x) = e−a(x−m)2 , a > 0,m ∈ IR (16.63)

are used as membership functions [NKK94].

The application of an FLC of Mamdani type in the context of risk mitigation in an LL is

described in the following chapter.

The second type of fuzzy controller is called Sugeno-fuzzy-system.

Definition 16.2.25 (Sugeno-Fuzzy-System) A Sugeno-Fuzzy-System SFR is a fuzzy sys-

tem that uses a special type of fuzzy rules. Each rule Rk of the rule base R is a tuple

Rk = (µ
(1)
k , . . . , µ

(n)
k , f

(1)
k (x1, . . . , xn), . . . , f

(m)
k (x1, . . . , xn)). (16.64)

µ
(i)
k is a fuzzy set over the range of the input variable xi and f

(j)
k : X → Yi a function over

the input variables to determine the output variable yj. With x⃗ ∈ X, SFR(x⃗) is determined

by

SFR(x⃗) = y⃗ = (y1, . . . , ym), (16.65)

with

yj =

∑
r∈R

n∏
i=1

µ
(i)
r (xi) · f (j)

r (x1, . . . , xn)∑
r∈R

n∏
i=1

µ
(i)
r (xi)

(16.66)

[Bie97]

The rule base usable for a controller described by Takagi and Sugeno consists of rules in

following way:

IF ξ1 is A
(1)
j1r and .... and ξn is A

(n)
jnr THEN η is f(ξ1, ...ξn)[Bie97] (16.67)

In most cases, f is a linear combination of the input value with weighted parameters p.

Therefore equation 16.67 can be written as:

IF ξ1 is A
(1)
j1r and....and ξn is A

(n)
jnr THEN η = p0 + p1ξ1 + ...+ pnξn[Bie97] (16.68)

241



CHAPTER 16. FUZZY SETS, FUZZY LOGIC, AND ANN AND THEIR USE IN AN
SDSS

The two systems differ in that the system described by Mamdani uses the knowledge base

of an operator, whereby the operator can describe their activities depending on the input

values. The system described by Takagi and Sugeno is used in systems in which controllers

are able the control a system, but they cannot describe it with linguistic expressions [Bie97].

The detailed processes behind a fuzzy controller are not part of this work.

In a fuzzy logic controller as proposed by Takagi and Sugeno, the rules can be weighted with

truth values c, which determines how high the weight of rule is and, therefore, how greatly

it influences the overall result. However, the subsequent parts are linear functions of input

variables. Unlike the Mamdani-type controller, the output parameter is a crisp value. That

means that last step called defuzzification is not necessary.

In the following chapter, an application of the described FLC concepts to a risk mitigation

task in an LL is described.

16.2.5 The application of fuzzy logic for generating SDSS in an LL ap-

proach

One of the aims of this thesis is to develop a framework to give decision support in terms of

risk mitigation strategies and to evaluate the individual risk in an agrochemical-related LL.

In general, the SDSS should help to define which of the risk mitigation strategies involved in

the LL approach and the related research and development cycle have the highest fitness for

a person in the LL. The fitness of a risk mitigation strategy is determined for an LL inhab-

itant in relation to personal, social, health, workflow, and spatial-related parameters by the

SDSS. The necessary parameters of the SDSS user are surveyed within the LL approach, e.g.,

by digital questionnaires. The SDSS determines the fitness of each of the n risk mitigation

strategies under survey in the LL and the best fitting are proposed to the user. After the

risk mitigation strategy was applied by the user, the fitness of the proposed risk mitigation

strategy can be rated with methods that are either direct, through the response of the user,

or indirect, through a measurement of the medical parameters of the user, such as the GFR

or the stage of CKD.

In an LL approach, this can be described in the following processes: There are only lin-

guistic rules available to describe the fitness of the risk mitigation strategy but no concrete

mathematical expression. The parameters of the membership functions used in the linguistic

expressions are known or can be determined by an expert from the group of LL stakeholders.

This task within the LL approach could be solved with a modified fuzzy logic controller. As
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the consequence part of the rules can be mostly expressed as a linguistic variable with a re-

lated fuzzy set, a modified FLC as proposed by Mamdani would make more sense than an

FLC as described by Sugeno:

For example, ’go to the next hospital’ can be considered a risk mitigation strategy. A stake-

holder or expert in the field of medical treatment might have enough knowledge to set up

rules, which can be evaluated with an FLC. This task must be done by one or more stake-

holders in the LL with special expertise, such as a medical doctor or an expert in logistics.

In the next step, a stakeholder from the field of mathematics or computer science must set

up the FLC and preprocessing of data with the following tasks:

• transforming parameters from a nominal or ordinal into an interval or ratio scale,

• selecting software with necessary modules for fuzzy logic like R or GNU Octave,

• finding appropriate membership functions for the mentioned linguistic variables,

• if necessary, adjusting the available software modules, and

• setting up the FLC with the selected software and modules.

For this approach, the FLC described by Mamdani or Sugeno must be modified because

defuzzification is not necessary in the described approach, as the output value should be a

grade of membership or the grade of fitness of the risk mitigation strategy.

To demonstrate the application of an FLC of Mamdani type for risk evaluation, the following

example is taken:

A value describing the spatial risk for a person in relation to the grade of a disease, e.g., CKD

a person is suffering from, expressed in a typical parameter describing the progress of a disease

like GFR or the quantity of a biomarker, and to the spatial distance to a medical station that

can treat the disease. In the following part, a hypothetical disease is used, as the process

described below with finding appropriate membership functions, etc. must be performed with

different experts within the research and development cycle in an LL and was not performed

in reality for a real disease like CKD.

This can be mathematically expressed as follows:

A mapping M is searched that maps the input values F and D, representing the grade of a

disease expressed with a characteristic parameter describing the progress of the disease, such

as GFR for CKD, and the distance expressed in km between the person’s home and a medical

doctor to a spatial risk value S for a person suffering from the regarded disease, for example,
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expressed in a value between 0 and 100. For the hypothetical disease, a parameter FR is used

to describe the progress of the disease, analog to the GFR:

M : F ×D → S (16.69)

(f, d) 7→ s = M(f, d) (16.70)

Such a spatial risk value S could be, for example, used to create a map with favorable loca-

tions for the home of a person suffering from CKD in relation to the distance to a medical

treatment station.

An expert, in the case of an LL, a stakeholder, for example, a medical doctor, might have the

following thoughts or has found them in scientific publications:

A person with a medium or high stage of the disease measured in a medium or low filtration

rate needs a high number of medical treatments. If the distance to a medical center is great,

then the treatment might not be taken as often as needed, and there is a high risk that the

disease increases. However, if the person has only a low stage of the disease or high filtration

rate, then they can treat themselves, and a high distance leads to a only low risk.

These thoughts can be used for example to determine a individual risk value or to create a

risk map with the concept of a FLC.

One of the steps in setting up a FLC is to set up a rule base. According to the described

example above, the following rule base is selected:

R1 : if F is low AND D is high THEN S is high (16.71)

R2 : if F is medium AND D is high THEN S is high (16.72)

R3 : if F is high AND D is high THEN S is low (16.73)

One of the tasks in the preparation of a FLC system is to determine the type of FLC to

be used. As the consequent part of the rules can be expressed as a fuzzy statement with

membership functions, a FLC of Mamdani type is used.

To define the different membership functions of the input and output values and related lin-

guistic expressions, different stakeholders like mathematicians, medical doctors, and logistic

experts must work together to define the type of the membership functions, e.g., Gaussian or

triangle like described in 16.62 or 16.63, and find appropriate partitions of the input space

and parameters of the selected membership functions.

Selecting the appropriate membership functions, partitions, function parameters, and t-norms
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or t-conorms are tasks that must be performed by experts according to the task the FLC

should perform, the performance of the FLC, and the real-life situation the FLC should

model. During the research and development cycle in an LL approach, these model properties

and parameters might change in order to improve the output of the FLC. In section 16.4,

methods are described for the ways partitions, parameters of the membership functions, and

a rule base can be developed with machine learning methods from real-world data.

In the following example, it is assumed that the stakeholders and experts decided to use

Gaussian distributed membership functions, as described with equation 16.63, with appropri-

ate function parameters and found partitions of the input and output space.

For example, each of the variables of the input and output space is partitioned with three

membership functions representing the linguistic expressions low, middle, and high with ap-

propriate function parameters. For the parameter distance D, the following membership

functions were defined:

µDlow
, µDmedium

, µDhigh
: IR → [0, 1] (16.74)

d 7→ µDlow
(d) = e−0.1·d2 (16.75)

d 7→ µDmedium
(d) = e−0.1·(d−5)2 (16.76)

d 7→ µDhigh
(d) =

 e−0.1·(d−10)2 , if d ≤ 10

1 , else.
(16.77)

with the following graphs:

The distance d is a value related to the location ωu of the user and the location of the nearest

healthcare facility ωh.

The membership functions for the parameter F representing the filtration rate were defined

as follows:

µFlow
, µFmedium

, µFhigh
: IR → [0, 1] (16.78)

f 7→ µFlow
(f) = e−0.0005·f2

(16.79)

f 7→ µFmedium
(f) = e−0.0005·(f−60)2 (16.80)

f 7→ µFhigh
(f) =

 e−0.0005·(f−120)2 , if f ≤ 120

1 , else.
(16.81)

and for the output parameter S:
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Figure 16.12: Graphs of the membership functions for the parameter Distance D (figure generated with

GNU Octave).

Figure 16.13: Graphs of the membership functions for the parameter Distance F (figure generated with

GNU Octave).

µSlow
, µSmedium

, µShigh
: [0, 120] → [0, 1] (16.82)

s 7→ µSlow
(s) = e−0.0007·s2 (16.83)
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s 7→ µSmedium
(s) = e−0.0007·(s−45)2 (16.84)

s 7→ µShigh
(s) =

 e−0.0007·(s−90)2 , if s ≤ 90

1 , else.
(16.85)

The next step in setting up a FLC is the selection of appropriate norms and conorms as

Figure 16.14: Graphs of the membership functions for the output parameter S (figure generated with GNU

Octave).

described in sections 16.2.16 and 16.2.17. The selection of the operator is performed by

stakeholders according to the mathematical requirements for the operator, e.g., for some

methods described in section 16.4, differentiable operators are needed and for the desired

calculated output values and performance of the FLC.

For this example, it is assumed that the ⊤min(a, b) = min{a, b} and ⊥min(a, b) = max{a, b}

are used as operators. An FLC with these operators is called Max-Min- FLC and is a common

Mamdani type FLC [LZCC05].

To demonstrate the process of deriving an output value with the described FLC, an example

is used in which a person has a FR of f1 = 60 ml
min and the distance to the next medical

treatment station is about d1 = 7 km .

The described example can be extended to a spatial task. For example, a map with the

locations of medical stations. With a GIS and a raster map, it is possible to calculate the

minimum distance of a raster cells middle point to a station. With a given FR, the risk value

S can be calculated for each raster cell, leading to a map
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Regarding R1 with

R1 : if F is low AND D is high then S is high (16.86)

and

τk = ⊤min{µ(1)
k (x1), . . . , µ

(n)
k (xn)} (16.87)

can be calculated by evaluating the membership functions µFlow
(f) = e−0.0005·f2 for F is low

and

µDhigh
(d) =

 e−0.1·(d−10)2 , if d ≤ 10

1 , else.
(16.88)

for D is high at the crisp values f1 = 60 and d1 = 7 .

Using ⊤min, this leads to a degree of rule fulfillment for rule 1 of

τ1 = ⊤min{µFlow
(60), µDhigh

(7)} (16.89)

= min{µFlow
(60), µDhigh

(7)} (16.90)

= min{e−0.0005·602 , e−0.1·(7−10)2} (16.91)

= min{0.165, 0.407} = 0.165 (16.92)

Next, the output fuzzy set for rule 1

µ̂S1(s) (16.93)

with

s 7→ ⊤min{τ1, µShigh
(s)} (16.94)

and

µShigh
(s) =

 e−0.0007·(s−90)2 , if s ≤ 90

1 , else.
(16.95)

leads to the following fuzzy output for rule R1

s 7→ ν1(s) = ⊤min{0.165, µShigh
(s)} (16.96)

= min{0.165, µShigh
(s)} (16.97)

(16.98)

This output fuzzy set ν1 for rule R1 is visualized in figure 16.15.

In the same way, an output fuzzy set νk can be calculated for every rule Rk.
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Figure 16.15: Graph of the output membership function ν1 for the rule R1 (figure generated with GNU

Octave).

For rule R2, the following values are obtained:

τ2 = ⊤min{µFmed
(60), µDhigh

(7)} (16.99)

= min{1, 0.407} = 0.407 (16.100)

resulting in the following output fuzzy set for rule R2:

s 7→ ν2(s) = ⊤min{0.407, µShigh
(s)} (16.101)

= min{0.407, µShigh
(s)} (16.102)

(16.103)

and for rule R3

τ3 = ⊤min{µFhigh
(60), µDhigh

(7)} (16.104)

= min{0.165, 0.407} = 0.165 (16.105)

and the resulting output fuzzy set for R3

s 7→ ν3(s) = ⊤min{0.165, µSlow
(s)} (16.106)

= min{0.165, µSlow
(s)} (16.107)

(16.108)
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The resulting output fuzzy sets ν1, ν2 and ν3 are visualized in figure 16.16.

According to definition 16.2.23 and equation 16.55, the resulting output fuzzy set is calculated

Figure 16.16: Graph of the output membership functions ν1, ν2 and ν3 for the rules R1, R2 and R3 (figure

generated with GNU Octave).

by

⊥
Rk∈R

{ν̂(j)k } (16.109)

whereby ⊥ represents the max operator in the used approach. The resulting output fuzzy set

ν = max{ν1, ν2, ν3} (16.110)

is visualized in figure 16.17.

The last step in an FLC is the defuzzification through which a crisp output value is obtained.

Figure 16.17: Graph of the combined output membership function ν for the rules R1, R2, and R3 (figure

generated with GNU Octave).
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For defuzzification, the COA method is used (section 16.2.4), resulting in the crisp value

Y = sc with

y = sc =

120∫
0

ν(s) · s ds

120∫
0

ν(s) ds

≈ 71.1 (16.111)

The evaluation of an FLC system described in this thesis for input values of f1 = 60 ml
min and

d1 = 7 km results in a crisp output value of sc ≈ 71.1.

In the LL approach with an SDSS that evaluates the fitness of different risk mitigation strate-

gies, the output value might be the fitness itself for a risk mitigation strategy. As d is related

to the spatial location of the user ωu, the resulting fitness also has a spatial component. To

evaluate the fitness of several risk mitigation strategies, for every risk mitigation strategy an

FLC system with a rule base and fuzzy operators must be defined according to the example

in this section.

16.2.6 Limitations in the application of a standalone FLC

In the example described in the last chapter, further called Case 1, a method using an FLC

of Mamdani type was used to describe the spatial fitness of a risk mitigation strategy that

can be described with expert knowledge by linguistic IF .. THEN ... rules and known mem-

bership functions of fuzzy sets.

This method can be also used to develop an SDSS for different risk mitigation strategies

through the evaluation of the grade of fitness for different risk mitigation strategies so that

the user of the SDSS might receive a ordered list of proposed risk mitigation strategies.

However, in reality there might be difficulties, as expert knowledge is not available to con-

struct a rule base or select appropriate membership functions of the fuzzy sets or related

function parameters. This can be summarized in the following cases:

Case 2: SDSS for risk mitigation strategies that can be described with linguistic

rules but unknown membership functions of fuzzy sets

In this scenario, the linguistic rules are available from the literature but the membership

functions of the fuzzy sets cannot be set by experts or stakeholders. The types of the mem-

bership functions of the fuzzy sets are known, but their parameters must be determined with

mathematical methods.

Case 3: SDSS for risk mitigation strategies that can be only partly described with linguistic

rules
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For a part of the surveyed risk mitigation strategies, a causality between potential risk factors

and the fitness were not found until now; there are only evidence-based hypotheses. However,

how strong their influence is cannot be determined. If possible, a valid rule base should be

extracted from the evidence based hypothetical rules with mathematical methods.

Case 4: SDSS for risk mitigation strategies that cannot be described with linguistic rules:

The relationship between the sampled input parameters and the fitness of the risk mitigation

strategies cannot be described with linguistic expression. Mathematical methods other than

an FLC are needed to perform a mapping.

With learning methods as proposed in the next section, it is possible to find appropriate pa-

rameters for linear functions in the consequence part of an FLC of the Sugeno type. However,

for the SDSS, there are additional requirements, such as being adaptive and a learning system,

which is the reason a fuzzy logic controller alone in its fundamental way would not work.

The proposed decisions made by the SDSS might not always be correct. Therefore, the pro-

cesses generating decision support should be such that the SDSS is able to learn through the

direct or indirect feedback of the user such that the decision is better and optimized if the user

asks for a decision the next time under same conditions. Learning in the sense of a Mamdani

type FLC would mean that the parameters of the membership functions are optimized.

But there is another reason why a traditional FLC would not fit. For example, users pref-

erences, their knowledge, and other parameters might change over time. That includes that

the process of selecting the best-fitting risk mitigation strategy should also change over time;

therefore, the SDSS should be adaptive.

The use of rules of implication together with adaptivity can be achieved by the combination

of fuzzy logic and ANN. Additionally, the tasks described in Cases 2 - 4 can be achieved by

the combination of FLC with ANN methods, for example, finding the appropriate parameters

of the used membership functions (Case 2), finding a rule base (Case 3), or by an ANN alone

(Case 4).

16.3 Artificial neural networks

In this section, the concept and basics of ANN are introduced. Through the combination

of FLC and ANN, it is possible to make the FLC adaptive, as required in the described LL

approach, and optimize the decision finding process. As ANN consist of artificial neurons,

the first part of this chapter deals with the biological mode of operation of a neuron and the
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concept of artificial neurons.

16.3.1 Artificial neurons and biological background

ANN have an increasing popularity in the scientific discussion and community. ANN consist

of connected artificial neurons. The following chapter gives an overview of the behavior and

mode of operation of biological neurons and how these concepts are used in artificial neurons.

Originally with ANN, the function of the biological nervous system was modeled [Roj96].

Nervous systems consist, inter alia, of neurons or neural cells. Neurons are a type of specialized

cells that can be found in most animals belonging to the group of Metazoa. In general, neurons

process signals in the nervous system. They can receive a signal, and they can give a response

related to the incoming signal. They are specialized cells performing saltatory conduction and

neurotransmission [And95].

A neuron consists mainly of three types of structures, the soma (cell body) and two types

of cellular extensions: dendrites and axons. Dendrites receive signals from other cells; axons

transmit signals to other cells. The end of the axons and dendrites are interconnected by

synapses. A synapse is a region in which the signal is transmitted from one cell to the other.

A neuron can be connected by more than one synapse to other cells. The neuron that sends

a signal is called a presynaptic cell, and the neuron receiving the signal is called postsynaptic

cell. Cells are not connected in a material sense; there is a small gap between the synapse

and the cell to which it is connected, which is called synaptic gap. Communication between

cells is performed by electrical signals with the help of neurotransmitters. The direction of

signal transmission is defined [CRM06].

If a neuron is excitated, it releases neurotransmitter into the synaptic gap. The connected

cell receives the neurotransmitter and a signal is transmitted. Neurotransmitters lead to a

depolarization of the connected cell. If the depolarization is higher than a threshold value –

called the activation threshold – an action potential is created. However, if the synaptic gap

is too wide, electrical signals cannot be transmitted directly [Roj96]. The biological details of

neurons are not part of this thesis, as they are not necessary to understand the fundamentals

of ANNs. In other words, the action potentials are totaled. If the overall sum is higher than

the excitation threshold, the cell is excitated and sends a signal.

The mode of operation of artificial neurons are originally based on the described mode of

operation of biological neurons. There are different concepts for artificial neurons described

that differ in whether the incoming signal is processed by multiplying with a weight factor,
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by the type of information they can process, and by the type of integration and activation

function. For example, the McCulloch-Pitts-Neuron, the first developed artificial neuron,

has unweighted edges and only binary signals can be processed [MP43]. Another important

concept for artificial neurons is the perceptron, as described in section 16.3.2.

Simple ANNs consist mathematically of nodes and directed or undirected edges. The nodes in

a simple ANN are called computing units or artificial neurons. The edges can be regarded as

cables that transmit signals xi from neuron ni to other connected neurons. A incoming signal

can be excitatory or inhibitory. In general, a computing unit ni is connected with another

computing unit nj by edges through which the signals x1, ..., xn are transmitted.

The inside of a artificial neuron can be regarded as divided into two parts. On the one side,

there is an integrating function k. With the help of k, the incoming signals are transformed

into one value, e.g., by totaling the incoming signals [Roj96].

There are different types of artificial neurons. In most cases and in modern ANN, the input

signals x1, ..., xi are multiplied with weight factors w1, ..., wi and can be described as:

Figure 16.18: Example of a simple neuron with weighted edges (figure generated with LibreOffice Draw

according to [Roj96]).

x = (x1, x2, ..., xn)
T and w = (w1, w2, ..., wn)

T (16.112)

k : IRn × IRn → IR (16.113)
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(w, x) 7→ k(w, x) = ⟨w, x⟩ =
n∑

i=1

xi · wi (16.114)

On the other side, there is an monotonically increasing activation function f , which uses the

single value produced by the integration function, also called net input, to calculate to overall

output value

y = f(k(x,w)) (16.115)

with

f : IR → IR (16.116)

λ 7→ f(λ) (16.117)

and the resulting mapping

f ◦ k : IRn × IRn → IR (16.118)

(x,w) 7→ (f ◦ k)(x,w) = f(k(w, x)) (16.119)

In most cases, the integration function k calculates the sum of the incoming signals. Then,

the resulting output value y can be calculated with the following formula:

y = f

(
n∑

i=1

wixi

)
. (16.120)

[Roj96].

The activation function can be of different function types in relation to the task the neurons

should perform. Examples for the activation function are the linear function, the step function,

the sigmoid function, or tanh.

For some learning algorithms, like the backpropagation algorithm described in section 16.4.1.2,

a continuous differentiable activation function is needed. For such purposes, e.g., a sigmoid

function, tanh, or arc-tan, can be used.

In figure 16.19, an example for a logistic or sigmoid function is illustrated:

In general, an artificial neuron can be regarded as a mapping machine through which the

input values are transformed into a defined output value.

N : IRn → IR (16.121)

x 7→ N(x) = f(k(x,w)) (16.122)

In this chapter, the general mode of operation of a artificial neuron was introduced. For the

described SDSS task, a special type of artificial neuron is used, the perceptron.
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Figure 16.19: Example of a continuous differentiable activation function, here sigmoid function (figure

generated with GNU Octave).

16.3.2 The perceptron

A perceptron is an ANN consisting of only one neuron with weighted edges and a threshold

value Θ. A representation of the signal flow in a perceptron is visualized in Figure 16.20. A

standard single perceptron, as proposed by Rosenblatt with an integration function calculating

the linear combination of the incoming signals and a hard limiter, can be used for solving linear

separable problems. With such a hard limiter, the output of the perceptron can have only two

states. Common states are 0 and 1 or -1 and 1, depending on the used activation function φ

[Hay04]. According to figure 16.20, the perceptron calculates v and y as

v =

p∑
i=1

xi · wi −Θ (16.123)

and

y = f(v). (16.124)

In the original concept of Rosenblatt, a step function is used as activation function f .

x = (x1, x2, ..., xn)
T and w = (w1, w2, ..., wn)

T (16.125)

k : IRn × IRn → IR (16.126)

(w, x) 7→ k(w, x) = ⟨w, x⟩ =
n∑

i=1

xi · wi (16.127)
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Figure 16.20: Signal flow in a perceptron according to [Hay04]. x1, ..., xp represent input signals, Θ represents

a threshold value, v =
p∑

i=1

xi · wi − Θ, the output after passing the integration function k; f , the activation

function; w1, ..., wp, the edge weights; and y, the output of the perceptron (figure generated with LibreOffice

Draw).

On the other side, there is an activation function f , which uses the single value produced by

the integration function to calculate to overall output value

y = f(k(x,w)). (16.128)

f : IR → IR (16.129)

λ 7→ f(λ) (16.130)

with the resulting mapping:

f ◦ k : IRn × IRn → IR (16.131)

(w, x) 7→ (f ◦ k)(w, x) = y = f(k(w, x)) = f

(
n∑

i=1

xi · wi

)
(16.132)

=


1 , if

n∑
i=1

xi · wi > Θ

0 , else.

 (16.133)

[Roj96].

Another concept might be to regard the threshold value Θ as the weight of an incoming signal

w0 = Θ with an incoming signal x0 = −1 itself. In this concept, an incoming signal can be

defined as

x = (−1, x1, x2, ..., xn)
T and w = (Θ,w1, w2, ..., wn)

T (16.134)

k : IRn+1 × IRn+1 → IR (16.135)
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(w, x) 7→ k(w, x) =
n∑

i=0

xi · wi (16.136)

and

f : IR → IR (16.137)

λ 7→ f(λ) (16.138)

with the resulting mapping:

f ◦ k : IRn+1 × IRn+1 → IR (16.139)

(w, x) 7→ (f ◦ k)(w, x) = y = f(k(w, x)) = f

(
n∑

i=0

xi · wi

)
(16.140)

=


1 , if

n∑
i=0

xi · wi ≥ 0

0 , if
n∑

i=0
xi · wi < 0.

 (16.141)

In the described concepts, the perceptron has an activation function f which is not linear.

The output of f can have only two values, 0 and 1 or −1 and 1, dependent on the used

step function. Through the use of a single perceptron it is possible to categorize sets of

input stimuli xt into two categories depending on the values of the input stimuli xt and the

calculated output y [And95]. Overall, a perceptron as described in this chapter fulfills the task

to define two decision rooms ζ1 and ζ2, dependent on the output value y of the perceptron

with y ∈ {0, 1} or y ∈ {−1, 1} separated by the hyperplane
n∑

i=0

xi · wi, (16.142)

whereby the weights wi are adapted by an error-correction rule called the perceptron con-

verge algorithm. Such a perceptron can categorize a specific input pattern xt into two linearly

separable classes if the input patterns are such that they can be linearly separated. This

is a limitation of the classical perceptron because many real-world problems are not linearly

separable and need more complex decision algorithms [And95].

With an example data set that is linearly separable, a perceptron can be trained with su-

pervised learning such that the weights wi are adapted in a finite time. The perceptron can

categorize a random data entry of the example data set into the right category. In other

words, the perceptron will find a solution if a solution exists. A proof of the convergence of

the perceptron convergence algorithm for linearly separable problems can be found, for exam-

ple, in [And95] , [Roj96] or [Hay04].
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16.3.3 Introduction to ANNs

The last two sections dealt with the basic elements of ANN. The following section gives an

overview of how artificial neurons can be connected in nets and about their application.

The first scientific research in the fields of neuronal networks was intended to gain information

about the characteristics of the human brain. The first adaptive ANN, the perceptron, was

described in 1958 by Frank Rosenblatt [Ros58]. The perceptron has some restrictions that

made its use in this time not applicable. Further scientific investigations in the field of

artificial neuronal networks began 20 years later after the description of newer, more powerful

learning algorithms [NKK94].

ANN is currently an important concept in mathematics and computer science and can perform

different tasks like clustering, function approximation, and regressions analysis. This leads to

a wide application of ANN, e.g., for pattern recognition purposes [TWPZ12] or in predicting

and forecasting issues for groundwater levels [TCS12], optimization problems [MSV18], speech

[ZGP+18], text recognition [LZJW20], and many other fields. Against other concepts, ANN

have the ability to learn from examples without an explicit algorithm or function that describes

the relation between input and output. FLC stand in contrast to the described characteristics

for which a concrete rule base is needed, resulting in the non-black-box behavior.

The task that an ANN can perform is determined by the type of neurons used and the way

the neurons are connected.

ANN ”are systems that are able to modify their internal structure in relation to a function

objective. [...] The base elements of the ANN are the nodes, also called processing elements

(PE), and the connections” [GB07, p. 1046]. The processing elements of an ANN, also called

artificial neurons, are connected with other neurons or with themselves. The topology of an

ANN is determined by the connections between the neurons [Roj96]. Each connection or edge

between the neurons is related with a number called weight wi,j . During the learning phase

of an ANN, the weights can change resulting in a changed behavior of the ANN. Signals

flowing through an edge are modified through the weights, for example, the incoming signal

is multiplied with the related weight. In an artificial neuron, the (modified) incoming signals

are totaled, and the neuron’s output signal is transformed by a nonlinear function in relation

to the sum of the incoming signals [Roj96].

In short, neural networks consist of connected units or neurons. In the neurons, calculations

are performed.
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In an ANN, neurons are connected mathematically in graphs, often with weighted edges. A

detailed introduction to graph theory can be found in section 13.2. ANN can be regarded as

a directed and weighted graph.

Definition 16.3.1 (Directed graph) A directed graph or digraph D is an ordered triple

(Q,A, I) consisting of a set Q of vertices or nodes and of a set AD ⊆ Q × Q of edges and

incidence map I. It is defined that an edge c = (qu, qv) ∈ A with qu, qv ∈ Q is directed from

node qu to node qv.

[BKKN03]

In ANN, normally weighted graphs are used. Graphs in general can be either edge- or node-

weighted. The edge weights can be used, e.g., to multiply the strength of the incoming signal

times the edge weight.

Derived from definition 13.2.3, the structure of a neural net can be defined.

Definition 16.3.2 (Artificial neural net) An artificial neural net is a directed graph G =

(U,C). The nodes u ∈ U are called neurons or units, and the edges c ∈ C are called con-

nections. The set U of nodes is divided in the set Uin of input neurons, the set Uout output

neurons, and the set Uhidden hidden neurons, with

U = Uin ∪ Uhidden ∪ Uout (16.143)

and

Uin ̸= ∅ , Uout ̸= ∅, Uhidden ∩ (Uin ∪ Uout) = ∅.

To each connection (u, v) ∈ U is a weight wu,v assigned to and to each neuron u ∈ U three

state variables: the network input netu, the activation actu, and the output outu. Each input

neuron u ∈ Uin also has a fourth state variable, the external input extu. To each neuron

u ∈ U , three functions are assigned to:

• network input function or integrating function,

• activation function, and

• output function,

with which the network input netu, the activation actu, and the output outu can be calculated

[BKKN03].
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The weights wu,v of edges directed from neurons v to neurons u net can be stored in a weight

matrix W with

W =



w1,1 w1,2 w1,3 ... w1,r

w2,1 w2,2 w2,3 ... w2,r

. .

. .

. .

wr,1 wr,2 wr,3 ... wr,r


[BKKN03] (16.144)

The characteristics of the weight matrix W is dependent on the network architecture. It can

be, for example, symmetric for undirected graphs.

There are two types of ANN differing in whether the incoming signal is transmitted directly

into a neuron body or transformed by multiplying the incoming value with a weight factor

w: unweighted and weighted ANN. For the task described in this thesis, weighted ANNs are

used. In a weighted ANN, the outgoing signal xi from neuron ni to a connected neuron nj is

multiplied with a weight factor wi,j . However, weighted and unweighted ANNs are equivalent

and can be transformed into each other, but the learning process is different. In weighted

ANN, learning is performed by adjusting the weights of the input signals [And95].

The weight of each edge wj,i between the output of neuron i and the input of neuron j rep-

resents biologically the strength of the synaptic connection of the neuron. One definition

interprets learning as a strengthening of the synaptic connection or the value of the weight

wj,i between neurons i and j is increased [Roj96].

The graph and the weights of an ANN can be described in an adjacency matrix. In general,

ANN can, according to the connections, be divided into feed-forward and recurrent networks.

In feed-forward ANN, the signals are transmitted from the input side to the output side with-

out any loops in the connection. In a recurrent network, there are loops, e.g., a neuron in

which the signal output is used as the input of the same neuron [Roj96].

Another classification of ANN is synchronous and asynchronous ANN. In synchronous ANN,

the output of each neuron in a layer is calculated at the same time. In asynchronous ANN,

the output values of the neurons are calculated independently of the other neurons at stochas-

tically determined times [Roj96].

ANNs can be also categorized by supervised or unsupervised learning methods. In a super-

vised learning task, there is a set of connected input and output vectors available, called the

training set. The ANN is trained with this set of connected input and output vectors where

261



CHAPTER 16. FUZZY SETS, FUZZY LOGIC, AND ANN AND THEIR USE IN AN
SDSS

the output of the ANN is compared with the output it should produce, and the deviation

between desired output and produced output is used to adjust the parameters of the ANN

such that the produced output comes closer to the desired output. There are different algo-

rithms for how such a supervised learning mechanism can be performed. In section 16.4.1.2, a

learning algorithm called error backpropagation is highlighted in more detail. After an ANN

with a supervised learning task is trained, it can be used to predict an output vector for a

given input vector. Learning in this sense means that the parameters in an ANN are adjusted

in a way that the overall error between desired and created output is minimized. Therefore,

a error function is used [Roj96].

In unsupervised learning tasks, the output the ANN should perform is not available. The

ANN must organize itself such that similar input vectors are associated with a similar output

[Roj96].

According to the task the neural network should perform, the integration function, the acti-

vation function, the input space, and the network typology must be selected. By connecting

artificial neurons, a network of primitive functions can be created. The type of function the

network should perform is determined by the connection type of the artificial neurons, e.g.,

how they are interconnected, if they process information synchronously or asynchronously, or

if there are loops in the connection pattern [Roj96].

ANN can be visualized similar to graphs, an example is illustrated in figure 16.21:

In 1994, the psychologist Donald O. Hebb introduced a theory of how learning is performed

in the nervous system. He postulated that ”[w]hen an axon of cell A is near enough to excite

cell B and repeatedly or persistently takes part in firing it, some growth process or metabolic

change takes place in one or both cells such that A’s efficiency, as one of the cells firing B, is

increased” [Heb49, p. 62]. This means that the more often two neurons are excited together,

the more preferentially they react to each other. In other words, neurons that fire together

wire together. In a biological way, learning means that the strength of the synaptic connection

between neurons is increased. If neuron A is stimulated, neuron B is reacting. In other words,

neuron B reacts in relation to the stimulation of neuron A [And95].

Another definition of learning is provided by [Hay04]:

Definition 16.3.3 (Learning of ANN) ”Learning is a process by which the free parameters

of a neural network are adapted through a continuing process of stimulation by the environment

in which the network is embedded. The type of learning is determined by the manner in which

the parameter changes take place” [Hay04, p. 45].
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Figure 16.21: An example of a simple neural net with two input units Uin = {n1, n2}, two hidden units

Uhidden = {n3, n4}, and one output unit Uout = {n5} that performs a mapping from two input variables x1

and x2 to a output variable y. The edges between the neurons are directed, visualized through the arrows

at the end of the edges, and weighted, as symbolized by the weights wi,j (figure generated with LibreOffice

Draw).

According to this definition, learning is divided into the following three steps: Input signals

are presented to the ANN (stimulation). Then, this stimulation leads to an change in the

ANN. If a new stimulation is presented to the ANN, the ANN reacts in a different way than

before, and the stimulation has led to a change in the ANN structure [Hay04].

In computer science, there are different types of learning algorithms, only parts are based on

the biological mode of learning. For example, the backpropagation algorithm, an often-used

technique based on an error-minimization problem to adjust weights during the learning phase

in feed-forward layered networks, has no biological analogy.

The stimulation of the ANN leads to a change in the weights of the edges connecting the

neurons. When regarding the edge between the neurons i and j, a learning task between two

time points or iteration steps t and t + 1 in a learning algorithm L can be described as the

change of the weight wi,j , as follows:

L(wt) = wt+1 (16.145)

L : IRn2 → IRn2
(16.146)

w 7→ L(w) (16.147)
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wi,j(t+ 1) = wi,j(t) + ∆wi,j(t) (16.148)

The learning and the change of wi,j(t) can be expressed by regarding the rule of Hebb in the

following way:

∆wi,j(t) = ηyi(t)xj(t) (16.149)

whereby η is a positive constant called learning rate, xi and yj are input and output signals

[Hay04].

If the target response rk and the real or actual response yk of a neuron nk at time t is known,

an error signal ek(t) for neuron k at time point t can be calculated as follows:

ek(t) = rk(t)− yk(t)[Hay04] (16.150)

In general, an ANN performs the following task:

N : IRn 7→ IRm (16.151)

whereby n input values are mapped to m output values.

In the literature, there are different types of ANN mentioned, such as single or multilayer

perceptrons (section 16.3.2), self-organizing maps, or Hopfield nets, differing in the used neu-

rons, learning methods, net architecture, and the task they can perform [NKK94]. Some of

them, usable in the described LL approach, are described in the following chapters.

16.4 The application of ANN in combination with FLC in an

LL framework

Mathematical methods to determine the individual risk and the grade of fitness of risk mit-

igation strategies are required. In section 16.2.4, an approach to determine the fitness of

risk mitigation strategies by using an FLC was described. However, this approach has some

limitations, such as:

• Linguistic rules are unavailable for some risk mitigation strategies.

• There are unknown membership functions of the used fuzzy sets.

• The rule base is not complete.

• Only an evidence-based hypothesis is available.
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Through the use of an ANN or by combining an ANN with an FLC, it is possible to reduce

these limitations.

Both ANN and fuzzy logic methods can be used to model expert behavior. However, both

techniques have advantages and disadvantages compared with each other, as listed in table

16.4.

Both methods have the advantage that a concrete mathematical process model is not nec-

Table 16.4: Advantages and disadvantages of neural nets and fuzzy systems according to [BKKN03]

Neural net Fuzzy system

Advantages

• explicit definition of the mathematical • explicit definition of the mathematical

function (input-output behaviour) function (input-output behaviour)

is not necessary is not necessary

• rule knowledge not necessary • a priori rule knowledge usable

• in-output-behaviour determined by • easy interpretation and implementation

different learning algorithms

Disadvantages

• black box behavior • rule knowledge must be available

• rule knowledge not extractable • no learning ability

• heuristic choice of net parameters • no formal methods for tuning

• adaption to altered parameters can be • semantic problems when interpreting

difficult and it might be necessary to tuned systems

repeat the learning process • adaption to altered parameter might be

• a priori knowledge not usable difficult

• learning process does not converge • tuning trial might be without success

in all cases

essary. However, with an FLC, linguistic rules, which can be expressed in IF ... THEN ...

statements, can be used, which is not possible in an ANN. ANN have the ability to learn

from examples, while FLC do not have such an ability. By using an ANN, a training set con-

sisting of tuples of input and related output values is used to train the system in a way that

it performs the desired task. A fuzzy system can be easily interpreted and also implemented

in which an ANN behaves as a black box, and after the learning process, the rule knowledge

is not extractable [BKKN03]. By combining FLC and ANN, the advantages of both systems
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can be utilized, the learning ability of ANN and the ability of a system with interpretable

rules [VDM04].

Systems that consist of both ANN and FLC methods are called neuro-fuzzy systems [BKKN03,

VDM04]. Neuro-fuzzy systems have a higher performance than simple ANN [LL+91].

[VDM04] and [Abr01] differentiate three types of neuro-fuzzy systems: cooperative, concurrent,

and hybrid neuro-fuzzy systems. In a cooperative neuro-fuzzy system, the ANN and FLC can

be regarded as two subsystems in which the ANN is responsible for a preprocessing task, such

as finding appropriate rules in a clustering approach or membership functions from training

data. After the rules or membership functions are determined, they are used in an FLC in a

second phase [VDM04, Abr01].

In a concurrent neuro-fuzzy system, the workflow of both components is continuous, with the

ANN processes inputting or outputting the data of the FLC [VDM04]. In this approach, the

parameters of the fuzzy system are not optimized, and the controller behavior of the whole

system is improved through the use of the ANN. The learning ability of the system is only

caused by the ANN, and the parameters of the FLC are not changed during learning. How-

ever, the interpretability of the results is not given due to the black-box behavior of the ANN

[BKKN03].

In contrast to a cooperative neuro-fuzzy system, in a hybrid neuro-fuzzy system, the ANN and

FLC cannot be regarded as two subsystems. A hybrid neuro-fuzzy system has a continuous

architecture, consisting of both elements of ANN and FLC in which the communication be-

tween two subsystems is not necessary. Therefore, learning can be performed in offline as

well as online mode. Learning in a hybrid neuro-fuzzy system means a change in the network

architecture, leading to the adaptation of weights (fuzzy sets) or the deletion or addition of

elements (variables or fuzzy rules). Therefore, through learning, explicit knowledge can be

gained and interpreted that can be used as a rule base in an FLC. Learning in a hybrid neuro-

fuzzy system takes place as a supervised or reinforcement learning task. ANN determines,

e.g., parameters of membership functions or fuzzy sets with a learning algorithm, that are

used within the FLC [BKKN03].

Cooperative and concurrent neuro-fuzzy systems have the disadvantage that the results, e.g.,

the determined fuzzy rules, cannot or cannot fully be interpreted. The advantage of hybrid

neuro-fuzzy systems lies in the interpretable results, e.g., fuzzy rules and membership func-

tions, the ability to learn from given examples of input, and related output samples [Abr01].

Today, they play a more and more important role in neuro-fuzzy research [dCS20].
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In figure 16.22, a schematic representation of the three types of neuro-fuzzy systems is visu-

alized. In the LL framework, one of the tasks is to determine a appropriate system to give

Figure 16.22: Schematic representation of a) cooperative [VDM04], b) concurrent [BKKN03], and c) a

hybrid neuro-fuzzy system [EDDSM15]. The visualized hybrid neuro-fuzzy system is an Adaptive Neuro-Fuzzy

Inference System (ANFIS) with a network architecture in which A1, ..., B2 represent fuzzy sets, ⊥ t-norms of

the antecedent, and the consequent part of a rule, N a normalizer, and Σ the sum function for calculating the

output f and a back-propagated error signal (figure generated with LibreOffice Draw).
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decision support. In general, the use of FLC is favored over the use of an ANN because a

priori knowledge can be used in an FLC and because of its easy implementation.

When linguistic rules are available, a combination of a FLC and ANN can be used in which

the response of the SDSS user is used to optimize (Case 1) or to find (Case 2) appropriate

parameters of the membership functions by the ANN. If there are only evidence based hy-

potheses without the knowledge of to what extent the rules are valid or if a rule base must be

found, a combination of an FLC and an ANN can be used for clustering purposes in which

the ANN is responsible for finding a rule base that can be processed by the FLC (Case 3). If

there is no a priori knowledge in the type of a linguistic rule base available (Case 4), an ANN

alone can be used without an FLC to perform the desired mapping; however, they all come

with disadvantages in contrast to an FLC.

Besides Cases 1 to 4, it might be necessary to pre-process input or output data, e.g., because

in the input data some items are missing or because the data is noisy. For this task, the use

of a concurrent neuro-fuzzy system is intended e.g., if datasets gained during surveys in the

LL are not complete, whereby the ANN is responsible for completing missing data,e.g., by an

autoassociative neural net.

The different cases and suitable combinations of ANN and FLC are discussed in the following

sections.

16.4.1 A concurrent neuro-fuzzy system to give SDSS with incomplete or

noisy data

One task to deal with in the described LL approach is the handling of missing parameters or

noisy values in a part of the dataset that are used as input values for an SDSS. In chapter

7, methods to deal with missing data were introduced. In the following chapter, a method

is described in more detail that is based on ANN methods and can be used in a neuro-fuzzy

system.

In the described approach, a method called autoassociative neural network is used because

of the following reasons: For model-based and regression approaches, different assumptions

on the distribution of the data are necessary but cannot be guaranteed. By using single and

multiple imputation methods, too much information about the input space is lost.

That means that a method from the group called imputation based on machine learning

is used. k-NN has a high computational cost, as all datasets must be compared with the

given input [TCS+01]. Therefore, a method called autoassociative neural network is used and
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demonstrated in the following chapter.

16.4.1.1 Data completion and noise reduction with autoassociative networks

Autoassociative neural networks are a kind of ANN in which each input vector xi is associated

with itself. A trained autoassociative neural net is able to eliminate noise in the input vector

or estimate missing values in the input vector.

Definition 16.4.1 (Autoassociative neural net) Autoassociative neural network are nets

that are trained and with which it is possible to generate an approximated identity mapping

for the trained patterns by using a learning algorithm [Kra92].

Regarding definition 16.4.1, approximated identity mapping means that noisy input data con-

verge towards a trained pattern to reduce the noise.

There are different types of autoassociative networks, characterized by their network architec-

ture and learning algorithms, e.g., based on Hopfield networks [RSL+20, HT18], and multilayer

perceptrons in an encoder-decoder architecture [Kra92, BGMS18].

The following section focuses on the use of an autoassociative memory for noise reduction and

estimating missing values of data gained in surveys in the LL approach. At the beginning of

the research and development cycle in an LL approach in less-developed countries, an easily

implementable algorithm for the implementation is recommended.

Multilayer networks with one or more hidden layers have a more difficult network architecture

and also a higher time demand for network optimization and pruning in contrast to the second

type of autoassociative neural nets, Hopfield networks. Neurons in a discrete Hopfield net, as

described by [Hop82], [Roj96], and [Hay04], can only have binary or bipolar states like 0 and

1 or −1 and 1. A model with continuous states of the neurons was introduced by Hopfield in

1984, the continuous Hopfield model with a sigmoid activation function and resulting values

in [0, 1] [Hop84]. The decision for which of the ANN types is used as an autoassociative neural

network in the LL approach lies in the hands of the involved stakeholders.

In the following section, the use of a multilayer perceptron is demonstrated because this type

of ANN has the broadest application of all available ANN types and can be also used, e.g.,

for not linear separable classifying problems or in speech and image recognition problems or

deep learning [NKK94].
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Overall, an autoassociative neural network performs the following mapping f :

N : [0, 1]n → [0, 1]n (16.152)

x 7→ x̃ = N(x) (16.153)

whereby x is a disturbed or incomplete input vector and x̃ the undisturbed or completed

vector.

16.4.1.2 Autoassociative ANN with supervised learning: multilayer perceptron

and the backpropagation algorithm

For the described framework of an autoassociative neural network, an ANN with a specific

network architecture is used, called multilayer perceptron.

Definition 16.4.2 (Multilayer perceptron) A r-layered perceptron is a neural net with a

graph G = (U,C) with

Uin ∩ Uout = ∅ (16.154)

Uhidden = U1
hidden ∪ U2

hidden ∪ ... ∪ U r−2
hidden, (16.155)

U i
hidden ∩ U j

hidden = ∅, 1 ≤ i < j ≤ r − 2 (16.156)

C ⊆ (Uin × U1
hidden) ∪ (

(r−3)⋃
i=1

U
(i)
hidden × U

(i+1)
hidden) ∪ (U

(r−2)
hidden × Uout) for r > 2 (16.157)

or

C ⊆ Uin × Uout. (16.158)

The net input function v of each hidden and output neuron is the sum of the connection

weights multiplied by the input values:

∀u ∈ Uhidden ∪ Uout : vu =
∑

v∈pred(u)

wu,v · outv (16.159)

The activation function f of each hidden neuron is a differentiable and monotonic increasing

function:

f : IR → [0, 1] with lim
x→−∞

f(x) = 0 and lim
x→∞

f(x) = 1 (16.160)

The activation function of each output neuron can be a function of the same type as the

activation function of a hidden neuron or also a simple linear function.

[BKKN03, NKK94]
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In general, a multilayer perceptron with supervised learning ability consists of different percep-

trons, structured in one input layer, one output layer, and one or many hidden layers between

them. A perceptron is connected with every perceptron of the following layer, and there are no

cycles in the connections. That means that the signals are transferred successively from one

layer to the next until the last layer is reached. This ANN is used in a feed-forward way; input

values are presented on the one side, and output values are received on the output side of the

network. This type of multilayer networks can be used for universal function approximation

[NKK94, Roj96]. An example of a multilayer perceptron is visualized in figure 16.21.

To describe the typology and the mode of operation of a multilayer perceptron, the terms

predecessor and successor of a neuron must be defined:

Definition 16.4.3 (Predecessor and successor) Let G = (U,C) be a directed graph and

u ∈ U be a node. Nodes of the set

pred(u) = {v ∈ U | (v, u) ∈ C} (16.161)

are called predecessors of the node u and the nodes of the set

succ(u) = {v ∈ U | (u, v) ∈ C} (16.162)

are called the successors of the node u. [BKKN03]

In a multilayer perceptron, a learning algorithm called backpropagation is used. It is based on

gradient descent in which the derivation of the activation function is used to adjust the weights

of the ANN in a way that the error of the multilayer perceptron is minimized. Therefore, it

is necessary that the used activation functions are differentiable. An example for usable acti-

vation functions is the sigmoid function, such as the logistic function flog(x) =
1

1+e−a(x−x0)
.

Finding and optimizing the network architecture, meaning the number of hidden layers, is

called pruning [CC11]. To find a fitting network architecture, the scientific modeler needs

knowledge of both the scientific discipline to which the data belongs and the scientific dis-

cipline of neural networks, e.g., the number of used input and output parameters and the

number of neurons and hidden layers are connected [DS06]. The goal of network architecture

optimization is to find a network architecture that avoids underfitting and overfitting.

Underfitting means that the ANN has too few neurons and is not able to learn the underlying

problem, leading to poor predictions. An overfitting ANN consists of too many neurons and

learns unimportant details in the data such as outliers but not the underlying relations that
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lead to a good performance on entries of the learning dataset but not on data being noisy or

differing from the data set used in the training. Pruning the network architecture should lead

to an ANN making appropriate predictions, as well as minimized convergence and training

time and avoidance of network over- or underfitting [ABA05].

There are different methods for finding an appropriate network architecture. [CC11] mention

a simple trial and error method by adding or removing layers or neurons and testing the

performance of the ANN in each trial using constructive and destructive methods, starting

with an ANN architecture that is known to have too few or too many neurons and adding

or deleting neurons until the desired behavior and performance is achieved. However, there

are also learning algorithms available that are able to find a network architecture that fits

[TTL95, BS95].

Finding the appropriate network architecture is a task that must be performed by one or more

stakeholders in an LL approach.

A multilayer perceptron is trained by a set of p different input-output pairs (xi, ri) ∈ IR× IR

with i ∈ {1, ..., p}. After an input signal xi is presented to the network, it is propagated

feedforward through the layers, and an output signal yi is received. This output signal is

compared with the target output value ri for which an error value representing the deviation

between ri and yi can be propagated back through the net, whereby the weights wu,v of the

connections change in a way that the error E of the network is reduced. The error function

is dependent on the weights of the network

E(W ) = E(w1, w2, ..., wn). (16.163)

The weights of the network should be adapted in a way that the error of the network is mini-

mized. Therefore, the backpropagation algorithm can be related to an optimization problem of

the error function. Finding optimal weights for the network means finding a minimum in the

error function. In the following, an approach is demonstrated for how a method or algorithm

called gradient descent is used for the optimization problem.

Definition 16.4.4 (Gradient) The gradient of a partial differentiable function f : IRn → IR

at point x is defined as the vector of the partial derivatives at point x:
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∇f(x) =



∂f(x)
∂x1

∂f(x)
∂x2

...
∂f(x)
∂xn

 (16.164)

[AHK+15]

The gradient is a vector in the domain oriented into the greatest increase of a function, and

the negative of the gradient into the steepest descent. Gradient descent method is based on

the fact that the variables x1, x2, ..., xn are changed in a way that the negative gradient is

followed step by step until a local minimum of the function is reached and, in the case of

ANN, the minimum of an error function with respect to the weights of the ANN.

In the literature, there are different modifications of the perceptron learning algorithm. The

following derivation is based on [BKKN03] and [NKK94] .

Overall, for an output neuron, the error signal can be calculated as follows: t represents the

number of training pairs presented to the ANN (e.g., the error-signal when the tth training

set was presented). The target response rk and the real or actual response yk of an output

neuron uk ∈ O; the error signal e(t)k is given by the following equation:

e
(t)
k = (r

(t)
k − y

(t)
k )2[Hay04] (16.165)

The output signal y(t)k of a output neuron k can be calculated by

y
(t)
k = fk(v

(t)
k ), (16.166)

whereby v
(t)
k represents the value after the incoming signals x1, ..., xp were processed with the

related weights by the integration function, and f represents the activation function of the

neuron.

In a backpropagation algorithm with gradient descent, the change of the weights W can be

expressed as

∆W = −η∇E(W ) (16.167)

whereby η is called learning rate. The change of the weights is proportional to the negative

gradient and learning rate.

The change of each weight wi,j is calculated as

∆wi,j = −η
∂

∂wi,j
E(W ) (16.168)
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The error function of the overall error of the network can be expressed as the sum of errors

of all patterns and can be, for example, expressed as the mean-squared error:

E(W ) =

p∑
t=1

Et(W ) (16.169)

with

Et(W ) =
1

2

∑
uj∈Uout

(rt,j − yt,j)
2. (16.170)

Et represents the error of pattern or input-output pair t, rt,j and yt,j the target and the

calculated output of output neuron uj .

The input vt,j of output neuron uj and pattern t is calculated with:

vt,j = yt,i · wi,j (16.171)

for all v ∈ pred(u) with yt,i and wi,j as the output of predecessor neuron i and the weight of

the edge (i, j) from neurons ui ∈ succ(u) to uj .

The output of neuron uj can be expressed as

yt,j = f(vt,j) (16.172)

with f representing the activation function of the neuron.

Following ∆wi,j with

∆wi,j =
∑

all patterns

η
∂

∂wi,j
Et(W ) (16.173)

is regarded in more detail. As Et is dependent from yt,j = f(vt,j) and by applying the chain

rule, it follows:
∂Et(W )

∂wi,j
=

∂Et(W )

∂vt,j
· ∂vt,j
∂wi,j

. (16.174)

With vt,j = yt,i · wi,j = int,j · wi,j results for the second term to

∂vt,j
∂wi,j

=
∂

∂wi,j
(yt,i · wi,j) = yt,i = int,j (16.175)

The term δt,j = −∂Et(W )
∂vt,j

is defined as error signal and can be further expressed by applying

the chain rule:

δt,j = −∂Et(W )

∂vt,j
= −∂Et(W )

∂yt,j
· ∂yt,j
∂vt,j

. (16.176)

With yt,j = f(vt,j), the second term ∂yt,j
∂vt,j

can be written as

∂yt,j
∂vt,j

=
∂

∂vt,j
f(vt,j). (16.177)
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After defining δt,j and defining how it can be calculated, the focus is again on

∆wi,j =

p∑
t=1

η
∂

∂wi,j
Et(W ) =

p∑
t=1

η
∂Et(W )

∂vt,j
· ∂vt,j
∂wi,j

. (16.178)

With

δt,j = −∂Et(W )

∂vt,j
(16.179)

and
∂vt,j
∂wi,j

= yt,i (16.180)

follows for batch mode:

∆wi,j = η

p∑
t=1

yt,jδt,j (16.181)

or for one pattern k:

∆kwi,j = ηyk,jδk,j (batch mode) (16.182)

For the calculation of

δk,j = −∂Et(W )

∂vt,j
= −∂Et(W )

∂yt,j
· ∂yt,j
∂vt,j

(16.183)

a case distinction must be performed: the regarded neuron can be an output neuron or a

non-output neuron.

If uj is an output neuron, then:

−∂Et(W )

∂yt,j
= − ∂

∂yt,j
Et(W ) = − ∂

∂yt,j

1

2

∑
uj∈Uout

(rt,j − yt,j)
2 = rt,j − yt,j (16.184)

and therefore

δk,j = −∂Et(W )

∂vt,j
= −∂Et(W )

∂yt,j
· ∂yt,j
∂vt,j

= (
∂

∂vt,j
f(vt,j)) · (rt,j − yt,j) (16.185)

and

∆kwi,j = ηyk,j(
∂

∂vt,j
f(vt,j)) · (rt,j − yt,j) (16.186)

In the second case, let uj be a neuron in a hidden layer uj ∈ Uhidden and ui ∈ succ(uj)

a neuron in the following layer with connections to uj . The deviation − ∂Et
∂yt,j

can be only

calculated indirectly by applying chain rule and by totaling over all successor neurons ui of

uj :

−∂Et(W )

∂yt,j
= −

∑
ui∈succ(uj)

∂Et(W )

∂vt,i
· ∂vt,i
∂yt,j

. (16.187)

With

vt,i =
∂

∂yt,j
(yt,j · wi,j) (16.188)
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follows

−∂Et(W )

∂yt,j
= −

∑
ui∈succ(uj)

∂Et(W )

∂vt,i
· ∂

∂yt,j
(yt,j · wi,j) = −

∑
ui∈succ(uj)

∂Et(W )

∂vt,i
· wi,j . (16.189)

With

−∂Et(W )

∂vt,i
= δk,i (16.190)

follows

−∂Et(W )

∂yt,j
=

∑
ui∈succ(uj)

δk,i · wi,j (16.191)

resulting in

δk,j = (
∂

∂vt,j
f(vt,j))

∑
ui∈succ(uj)

δk,i · wi,j (16.192)

and, therefore,

∆kwi,j = ηyk,j(
∂

∂vt,j
f(vt,j))

∑
ui∈succ(uj)

δk,i · wi,j . (16.193)

Regarding the formula above, it is obvious that the change of the weights connected with

neurons in a hidden unit can be calculated recursively backwards from the output layer to the

input layer, and the weights are adjusted in a way that the error of the ANN is minimized.

The described algorithm is the basis of backpropagation with gradient descent algorithm. This

algorithm has the disadvantage that a found solution can be a local minima. In practice, there

are different improvements and modifications of the described algorithm, such as normalization

of the gradient, a variable step size or learning rate, a predefined termination condition, e.g.,

a maximum of iteration steps, and the variation of different starting points [Rud16].

A disadvantage of the backpropagation with gradient descent algorithm as proposed in this

chapter is that the algorithm converges in local minima [Bri97]. In the literature, there are

different modifications of the algorithm listed that permit avoiding being trapped in a local

minima or optimum, such as the global descent algorithm, through the implementation of the

repeller effect[CBB93], or a method in which the training of the ANN is performed several

times with different randomly selected starting points of the weights [IR99, AS07] and local

minima are avoided stochastically. The backpropagation algorithm is implemented in several

open-source software tools, for example, the package neuralnet [FGW19] for R or the module

tensorflow in Python [PNW20].
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16.4.1.3 Interim conclusion: a concurrent neuro-fuzzy to pre-process incomplete

or noisy data

In the last section, a feedforward layered ANN called multilayer perceptron together with the

base of a learning algorithm called backpropagation with gradient descent was introduced. In

the framework of an SDSS, this type of ANN is connected with a FLC with a methodology

called a concurrent neuro-fuzzy system in which the ANN is used to pre-process noisy or

incomplete input values and the preprocessed input values without noise or missing values

deal as the input values for an FLC. The FLC then gives decision support by evaluating IF

... THEN ... rules. The described concurrent neuro-fuzzy system can be used for SDSS if the

set of linguistic IF ... THEN ... rules are available for a risk mitigation strategy – with the

constraint that the input parameters to give decision support are noisy or incomplete.

The described approach is only one example of how to give SDSS in the described framework,

even if the input data is incomplete or noisy, and can be used as a starting point for an SDSS

within the research and development cycle within the LL approach. The initial selection of an

appropriate algorithm is a part performed during the research and development cycle within

the LL by a stakeholder. During the research and development cycle, the performance of the

selected SDSS system should be monitored and the selected algorithm can be improved by

adding new modifications of the algorithm or by selecting more performative algorithms.

The described multilayer perceptron ANN architecture with the described backpropagation

with gradient descent algorithm can be used in the LL approach as an autoassociative neural

network to correct data for example sampled in a citizen-science approach (chapter 6) or

in surveys with missing data items or with noise in the sampled dataset. There are two

modifications of the algorithm, and it can be used in an online or offline mode. In offline

mode, the ANN is trained with a training samples before it is used. In online mode, the

weights of the neural nets are adjusted after each representation of a dataset during the

operation mode. The mode of operating must be selected in an LL approach according to the

availability of an appropriate training data set.

The algorithm described in this chapter has the advantage over the algorithms introduced in

Section 7.4 that it can be efficient when combined with an FLC to pre-process data efficiently

in a concurrent neuro-fuzzy system.
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16.4.2 A neuro-fuzzy system to determine parameters for a FLC

There are several methods described to find fuzzy rules and fuzzy sets from example data,

e.g., adaptive fuzzy controllers. Early approaches as demonstrated by [PM79], [DHR13], or

[QZHS92] propose methods for self-organizing FLC, which have in common that the initial

set of fuzzy rules is changed by a non-ANN-based algorithm in a way that the interpretation

of the rule base is not possible anymore.

More modern approaches to determine the parameters of fuzzy sets and of the consequent part

of the rules for their use in FLC are based on ANN methods. Adaptivity of the system and

system parameters is particularly important because the described system should be able to be

used in different regions of the world with different spatial characteristics. Hybrid neuro-fuzzy

systems with the ability to be adaptive and find parameters for the membership functions

are called ANFIS [Jan93]. The ANFIS model is used to determine membership functions in

a supervised learning approach, for which the rule base for a Takagi-Sugeno type FLC must

be available [BKKN03]. ANFIS can work with rules Rr of the type

Rr : If x1 is Aj1 ∧ ... ∧ xn is Ajn Then y = α
(r)
0 + α

(r)
1 x1 + ...+ α(r)

n xn (16.194)

Today, ANFIS models have a broad application in many different disciplines, inter alia, to

predict crop harvest yield [NAO+12], in vehicle steering and control [Sto18], prediction of

photovoltaic power [KBK+21] [KNNK22], or in an early warning system for flood disasters

[FMI+21].

In an ANFIS, the components of a FLC are ordered in a net. In the original concept pro-

posed by [Jan93], ANN-based learning algorithms are used to find appropriate membership

functions. However, improvements of the ANFIS model in the last years were developed in

which the structure of the net can also be changed [KK19]. The connections in an ANFIS are

unweighted [Aza10]. Parts of the nodes of an ANFIS are adaptive, meaning that the param-

eters of node functions, e.g., parameters of membership functions, can change by applying

a learning algorithm. For ANFIS models, several open-source software implementations are

available, e.g., for R the package FuzzyR [CGR21] or in Python the module anfis [Meg15].

At the beginning of the research and development cycle in an LL, a model should be used

that can be easily implemented. As the mentioned implementations of ANFIS work only by

the adjustment of parameters and not with structural adaptions, this concept is highlighted

in the following section. However, the adaption of available ANFIS package with the aim of

finding a rule base could be a task during the research and development cycle in an LL.
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In the original concept of [Jan93], an ANFIS consists of five layers, as visualized in figure

16.23.

The sample ANFIS visualized in figure 16.23 consists of two rules:

Figure 16.23: Representation of an ANFIS with two inputs, two rules, and five layers L1 , ... , L5

R1 : If x1 is A1 AND x2 is B1 THEN f1 = p1x1 + q1x2 + o1 (16.195)

and

R2 : If x1 is A2 OR x2 is B2 THEN f2 = p2x1 + q2x2 + o2 (16.196)

with

x1, x2, p1, q1, o1, p2, q2, o2 ∈ IR and A1, A2, B1, B2 representing membership functions.

The visualized rules belong to a first order fuzzy system, as only polynomials from grade one

are in the consequent part of the fuzzy rule. However, for more complex problems higher

polynomials can also be used.

Layer 1 L1 is called fuzzification layer. Each node in this layer represents a differentiable

parameterized membership function, e.g., a bell function. x1, ..., xn are input values, and

A1, ..., B2 are linguistic labels. The output of the nodes represent the degree to which the

input values belong to the connected labels. In these nodes, learning and the adaption of the

system are performed by adjusting the parameters of the membership functions such that the

deviation between the output f and the desired or target output f̃ is minimized. For example,

regarding node i in Layer L1, a bell membership function and input xj , and linguistic label

Bi, the output of node i

O1
Bi

= µBi(xj) =
1

1 + |xj−ci
ai

|2bi
, (16.197)

whereby ai, bi and ci are the premise parameters, which are adjusted during learning. However,

every piecewise differentiable and continuous function with a minimum at 0 and a maximum
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at 1 can be taken as a membership function, like the Gaussian normal distribution curve.

However, the membership function used in this example has the great advantage that the

antiderivative can be calculated explicitly. With other membership functions, there might

also be other parameters. The output of these nodes is the grade of membership of the actual

input value in relation to the connected linguistic label [Jan93].

Layer 2 L2 consists of nodes representing the corresponding t-norm or s-norm related to a

rule r [BKKN03]. As mentioned in section 16.2.3, t-norms are used for fuzzy AND and s-

norms for fuzzy OR. For some specific learning algorithms, e.g., backpropagation with gradient

descent (section 16.4.1.2), the used t-norms and s-norms must be piecewise differentiable

and continuous. For example, regarding rule R2 means that the corresponding node in L2

is connected to an s-norm. A continuous and piecewise differentiable s-norm would be, for

example, ⊥prod which is defined as ⊥prod(a, b) = a + b − a · b (Section 16.2.3). By using this

s-norm, the antecedent part of rule R2 is evaluated as

O2
2 = τ2(µA2(x1), µB2(x2)) = ⊥prod(µA2(x1), µB2(x2)) = µA2(x1)+µB2(x2)−µA2(x1)·µB2(x2)).

(16.198)

The output of each node in this layer O2
r = τr can be interpreted as the grade of fulfillment

of rule r [BKKN03] .

Layer 3 L3 has as many nodes as the system has rules. Each node in this layer calculates the

relative grade of fulfillment of this rule τ r in relation to the sum of all grades of fulfillment in

this layer:

O3
r = τ r =

τr∑
i
τi
. (16.199)

The output of these nodes is called the normalized grade of fulfillment. With the normalized

grade of fulfillment, it is possible to make conclusions about the overall meaning of a rule in

relation to all other rules. An interpretation of a absolute grade of fulfillment is not possible

without information about the other grade of fulfillment of the other rules of the regarded

ANFIS system [BKKN03].

Layer 4 L4 consists of nodes, and each node calculates the output, for example, for node r as

O4
r = τ r · fr = τ r · (or + prx1 + qrx2) (16.200)

with τ i representing the output of neuron i, and the predecessor in Layer 3 of node j. pr, qrj

and or are called consequent parameters of node r [BKKN03].
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In Layer 5, the output O5 = f is calculated as the sum over the output signals of layer 4:

O5 = f =
k∑

i=1

τ ifi =
k∑

i=1

τ i(oi + pix1 + qix2) (16.201)

To find a solution for the premise and consequent parameters, an error function must be

defined that should be minimized through the training algorithm. During the learning phase,

a training dataset with P entries are presented to the ANFIS. For example, the sum of the

quadratic deviation between target output f̃ and computed output f over all propagated

training patterns can be regarded as an appropriate error measure that should be minimized:

E(ai, bi, ci, pr, qr, or) =
1

2

P∑
p=1

(f̃p − fp)
2[BKKN03] (16.202)

The standard learning algorithm in an ANFIS, for example, as proposed by [Jan93], is per-

formed in two phases, a forward and a backward phase:

In the forward phase, the signal is transmitted from Layer 1 to Layer 5, whereby the premise

parameters are treated as constants, and only the consequent parameters are adapted. In

the backward phase, the premise parameters are adjusted, and the consequent parameters are

treated as constants [BKKN03].

[Jan93] proposed an algorithm in which the estimation of the consequent parameters in the

forward phase is attributed to a solving problem of a system of linear equations in relation to

the consequent parameters pr, qr, or, with each training pattern related to one linear equation

within the system.

Let N be a matrix containing a row in the type

(1, τ
(l)
1 , τ

(l)
2 , ..., τ

(l)
k ) (16.203)

for each training pattern, whereby τ
(p)
i represents the normalized grade of fulfillment for rule

i after the p − th training pattern was presented. Let T be a column vector containing the

target values fp for all training patterns and

A = (o1, p1, q1, ..., ok, pk, qk)
T (16.204)

the column vector containing the consequence parameters for all rules.

Writing the system of linear equations in matrix form, leads to

T = N A (16.205)

As the linear equation system consists of equations derived from real-world data with noise

and measuring faults, and as in practice the number of training patterns is in the most cases
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higher than the number of unknown consequent parameters, a single solution for the system

is not achievable. Therefore, a method to find an approximate solution A∗ for A for an

overdetermined system of linear equations is needed. This can be formulated as:

min ||NA− T ||2 (16.206)

There are different methods to solve an overdetermined system of linear equations like least

square estimation method with a Gaussian normal equation and the pseudo inverse[KK19]. A

solution for solving this overdetermined system of linear equations with least-square estimation

is, according to [BKKN03], given by:

A∗ = (NTN)−1NT (16.207)

A derivation of this solution for an overdetermined system of linear equations can be taken

from [HB09].

The determination of the premise parameters of the membership functions is performed with

gradient descent and error backpropagation, similar to the described method in section 16.4.1.

Nowadays, there are different modifications of the learning algorithm available, improving the

performance of the algorithm and the problems related to backpropagation like high computing

costs and trapping in local minima [RP16]. An overview of solving methods and algorithms

for an ANFIS is presented in [RP16]. With the described approach in this chapter, it is pos-

sible to find the parameters of membership functions in a supervised learning approach. This

approach can be used for example in an LL approach to estimate the grade of fitness of a

risk mitigation strategy where the rule base must be available but with unknown membership

functions. The system is adaptive; therefore, it can be used for different use cases with dif-

ferent realities with their own (spatial) characteristics. In contrast to the use of an ANN, the

use of an ANFIS has the advantage that the determined parameters and related membership

functions can be used in further approaches in the research and development cycle without a

black-box behavior as when an ANN is used.

After introducing methods to deal with noisy or missing parameters and to find appropriate

parameters for membership functions and the consequent parameters of a first order Takagi-

Sugeno type FLC, the following chapter deals with how to find a unknown rule base in a

supervised learning approach.
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16.4.3 A neuro-fuzzy system to determine rules for a FLC

In the last section, a method to determine parameters for an FLC in an adaptive approach

was described. However, approaches determining the structure of an FLC in terms of a rule

base are also needed, e.g., if an expert cannot describe the system, in the case of the described

LL approach to describe the fitness of a risk mitigation strategy with IF ... THEN ... rules,

but when numerical training data is available in the form of input-output pairs, e.g., obtained

by a survey. Using the input-output pairs, it would be possible to train an ANN with the aim

of getting a trained system for forecasting the fitness of different risk mitigation strategies in

relation to personal general (tempo-spatial) parameters. However, ANN have the advantages

described in section 16.4 that they behave, for example, like a black box from which no

knowledge can be obtained from the trained ANN.

In the LL approach, described in this thesis knowledge about how the fitness of risk mitigation

strategies can be estimated is necessary for further applications, e.g., to increase the risk

literacy of the LL inhabitants in educational programs. Therefore, a method is needed with

which it is possible to obtain a interpretable rule base for the estimation of the fitness of risk

mitigation strategies that is usable in an FLC as well outside of an FLC. As the obtained

rule base should be interpretable by humans, it should be as easy as possible. In short, a

method is needed with which it is possible to generate and extract a interpretable rule base

and related fuzzy sets that can be used in an FLC.

In the literature, there are different methods described for generating fuzzy rules and related

membership functions from example data. Data driven rule generation is needed because of

the large amount of possible rule bases, and it is not possible because of time and performance

constraints to evaluate them all [BKKN03].

One method for obtaining fuzzy rules and membership functions from example data is called

fuzzy clustering. In contrast to crisp clustering, where each data entry only belongs to one

cluster, in fuzzy clustering data items can belong to more than one cluster, and the grade to

which a data entry belongs to a specific cluster is expressed in a grade of membership. Fuzzy

clustering is an unsupervised technique with the aim of finding patterns in the input space

of the data [LL16]. In fuzzy clustering, the data items are assigned to a predefined number

of clusters in a way that a function dependent, inter alia, on the distance of each data entry

to the center of the clusters is minimized. The idea behind fuzzy clustering in the context

of finding fuzzy rules and fuzzy sets is that each cluster represents a fuzzy rule that projects
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the input space into the output coordinate space. Related fuzzy sets can be obtained by

enveloping the projected data items with a fuzzy set [WM92]. The granularity of the fuzzy

sets and rule base can be generated at the same time. However, the rule base obtained and

the associated fuzzy sets are difficult or impossible to interpret, as each generated fuzzy rule

is assigned to individual fuzzy sets, which is why they cannot be associated with linguistic

terms [BKKN03]. However, in the described LL approach, the generated rule way should be

extractable and interpretable in a way that it can be used in other contexts of the LL, such

as increasing risk literacy.

16.4.3.1 Generating fuzzy rules with the FCM algorithm

Finding fuzzy rules is often based on clustering algorithms. The theory of fuzzy clustering

and the detailed description of the algorithms can be taken from [LL16].

Definition 16.4.5 (Clustering) Clustering is a process or method with which different mul-

tidimensional data items are grouped into subsets or clusters based on a measure regarding the

similarity of the different data items [OES07].

To generate fuzzy rules from example data there are different clustering algorithms available

such as evolving clustering method (ECM) [KA15], FCM, and K-means [GD13] or other

clustering algorithms. These algorithms group data items into the same cluster if they have a

similarity such that all data items in a cluster are homogeneous, while the clusters themselves

are heterogeneous [WWG+21].

To find fuzzy rules from multidimensional data, algorithms based on FCM clustering are often

used.

Following a basic description of the FCM algorithm as proposed by [IA11]:

Definition 16.4.6 (FCM) Let Y = {y1, y2, ..., yn} , y1, y2, ..., yn ∈ IR be the set of n data

items that should be grouped into c fuzzy clusters, with 1 < c < n, and let Z = {z1, z2, ..., zc}

be the set of centroids or cluster centers. The result of the fuzzy clustering algorithm can be

described with a matrix

µ =


µ1,1 . . . µ1,c

...
. . .

...

µn,1 . . . µn,c,

 (16.208)

consisting of c columns and n rows. µi,j, with i ∈ {1, 2, .., n} and j ∈ {1, 2, .., c} describing

the matrix’ element in row i and column j with µi,j ∈ [0, 1] and representing the degree to
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which the i− th data item belongs to the j − th cluster.

Additionally, µ has the following characteristics:
c∑

j=1

µi,j = 1, ∀i ∈ {1, 2, ..., n} (16.209)

and

0 ≤
n∑

i=1

µi,j ≤ n, ∀j ∈ {1, 2, ..., c}. (16.210)

Fuzzy clustering with FCM is performed by minimizing the following energy function

Jm =
c∑

j=1

n∑
i=1

µm
i,jdi,j (16.211)

with

di,j = ||yi − zj ||, (16.212)

whereby m is a value with m > 1 and di,j the Euclidean distance between the data item yi and

the centroids of cluster j.

The centroid zj of cluster j is calculated by

zj =

n∑
i=1

µm
i,jyi

n∑
i=1

µm
i,j

, (16.213)

the degree µi,j to which data item i belongs to cluster j by

µi,j =
1

c∑
k=1

(
di,j
di,k

) 2
m−1

(16.214)

A solution of a FCM is found by minimizing Jm.

[IA11]

In the definition above, m is called the weighting exponent or fuzzifier and describes how crisp

the data items are assigned to a cluster. Side condition
c∑

j=1
µi,j = 1 describes the fact that the

sum of the grade of memberships to the c different clusters is summed up to 1. The second

side condition 0 <
n∑

i=1
µi,j < n assures that the clusters are not empty. The distance function

is not necessarily Euclidean distance.

[Bez73] proposed the following algorithm to perform FCM:

Definition 16.4.7 (FCM algorithm) 1) Determine matrix U for a given preselected m.

2) Determine cluster centroids zj with ∀j ∈ {1, 2, ..., c}.
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3) Determine distances di,j.

4) Determine grades of memberships µi,j.

5) Check selected convergence criteria, if not fulfilled then go to step (2).

Convergence criteria might be, for example, if a change in the cluster center is smaller

than a predefined value ϵ.

[Bez73]

An implementation of the FCM algorithm and other soft clustering algorithms can be found,

for example, in the R package ppclust [Ceb19] or the fuzzy-c-means module in Python [Dia19]

and can therefore be used for free or in a low-cost LL.

The described FCM algorithm is used in several applications for fuzzy clustering in classifi-

cation problems. However, up to today, there are also other fuzzy clustering algorithms like

fuzzy particle swarm optimization for fuzzy clustering [LZKX12] or modified FCM algorithms

[LYWL08] or combination of both [SFPSO15].

To date, there are different algorithms using fuzzy clustering techniques for finding fuzzy

rules. [BMR20], and [ASA14] use a technique called subtractive fuzzy clustering to find fuzzy

rules from numerical data. In subtractive fuzzy clustering, each data item is related to a value

called potential P in which a high value of P means that the data item has a high density

of neighboring data points and therefore has a high potential to be a cluster center. After a

cluster center is found, potential P are recalculated for all data items, and the next cluster

center is found. A detailed description of the algorithm can be found in [Chi94].

The described fuzzy clustering algorithms differ only in how the clusters are found. [CWGK07]

describe an algorithm how to obtain fuzzy rules from input data based on the described FCM

algorithm. Each cluster in the output space represents a linguistic term, and the grade to

which a point belongs to that cluster represents the grade the point belongs to the linguistic

term. For example, if a point belongs to cluster Cj , then the conclusion of the rule results

in then y is Cj . Further, FCM is used to cluster all input variables from which membership

functions are then generated and to which their linguistic meaning is assigned, allowing the

antecedent part of the IF ... THEN ... rules to be derived from the found clusters and related

membership functions and their linguistic meaning.

The described fuzzy clustering algorithms have a large disadvantage because for every rule

individual fuzzy sets are used, even if they have the same meaning. Therefore, the inter-

pretability is relatively low [BKKN03].
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A fuzzy system is needed that fulfills a regression task and, therefore, a system finding fuzzy

rules in the type of Mamdani.

16.4.3.2 Generating fuzzy rules with the Wang and Mendel algorithm

[WM92] developed an algorithm for finding fuzzy rules from example data, whereby the found

fuzzy rules and related fuzzy sets are of Mamdani type, which are interpretable [BKKN03].

With the help of this algorithm, it is possible to create a rule base derived from example

data with input-output pairs (xi, yi) [WM92] and to use this rule base for a FLC. [WM92]

prove that with the described method, it is possible to generate an FLC that can approximate

any nonlinear continuous function on a compact set with a predefined accuracy. The FLC

with the developed rule base is then used to calculate the grade of fitness for different risk

mitigation strategies in an LL approach.

It is assumed that in the LL approach, data is sampled in which attributes are supposed to

be related with an increasing risk for CKD or the fitness of a risk mitigation strategy. This

data is stored in a vector xj , which is used as the input values for the SDSS.

xj describes the input values for the jth data item in the training set S. The training set S con-

sists of all data items consisting of input-output pairs; therefore, S = {(x1, y1), (x2, y2), ..., (xp, yp)}.

yj represents the grade of fitness of a given risk mitigation strategy, rated by a expert in the

LL or by the LL inhabitant, to which the input data belong. The aim of this task in the LL

approach is to find extractable and interpretable fuzzy rules from numerical data expressed

as input-output pairs (xj , yj), which can be used in risk literacy programs and as a rule base

in an FLC working as an SDSS also for people living outside an LL without experts who can

rate the fitness of different risk mitigation strategies related to input parameters x.

Definition 16.4.8 (Wang and Mendel algorithm) The Wang and Mendel algorithm is

structured into five steps. The following description is based on [WM92]:

• Step 1: All input and output variables are partitioned into equally distributed overlapping

fuzzy membership functions. Each membership function is linked to a linguistic label,

such as small, medium or large. The number of used membership function can differ for

every variable; however, it should be a uneven number.

• Step 2: Fuzzy rules are generated. This step is performed for every input-output pair
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(xi, yi) and for every variable in the input output space. The grade of membership is

calculated for the given crisp value of the regarded input variables xi for the different

partitions and membership functions generated in Step 1. The label of the partition

with the highest degree of membership is used to generate a fuzzy rule. For example, if

variable x1 has the highest degree of membership for the membership function with the

label medium, then an antecedent part of the generated rule might be

IF x1 is medium THEN .... (16.215)

This step is performed for all input and output variables and for all input-output pairs

(x, y) – meaning that for every input-output pair, a rule is generated. The result is an if

then rule whereby the different input variables in the antecedent part are connected with

a t-norm.

• Step 3: A weight factor for each generated rule is calculated by multiplying the grade

of memberships of the regarded parameters and related values of the used membership

functions . For example, let Rk be a fuzzy rule obtained by input-output pair (xk, yk)

with

Rk : IF x1 is A1 and x2 is A2 and .... THEN y is B1. (16.216)

The weight factor G of rule Rk is calculated by

G(Rk) = µA1(x
1
k) · µA2(x

2
k) · ... · µB1(yk). (16.217)

The weight factor G is used if conflicting rules occur, for example, with the same an-

tecedent but different consequent parts.

• Step 4: A combined rule base is created. For the combined rule base, rules and their

weights obtained in Steps 2 and 3 together with existing rules from human experts are

combined to a unique rule base. The rules from human experts also must be weighted

by the expert. In this step, conflicting rules are regarded, for example, with the same

antecedent but with different consequent parts. The conflicting rule with the higher weight

G is used for the final rule base.

• Step 5: The final defuzzification is performed from a fuzzy into a crisp value y, for

example, with the center of gravity method, and is described in detail in [WM92].

With the algorithm described in [WM92], it is possible to extract IF ... THEN ... rules

usable in an FLC and also understandable by humans and implement them in the R package
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frbs [RBHB15]. However, the described algorithm has the disadvantage that the membership

functions are fixed. That means that they are set at the beginning of the algorithm in Step 1

and are not further adjusted in terms of minimizing the error function. The application of this

algorithm therefore lies in the area of whether the membership functions and the associated

parameters can be determined by the knowledge of an expert or whether they are known.

However, in an LL approach in a less-developed country, it is conceivable that there is no

expert knowledge about the membership functions used. This task is handled in the following

section.

16.4.4 An algorithm for generating fuzzy rules and membership function

optimization

The described LL approach should be used in cases of substance-related diseases with unknown

etiology often occurring in less-developed countries. In this approach, expert knowledge, e.g.,

for determining rules and membership functions, might not be available. Therefore, a sys-

tem is needed that generates an interpretable fuzzy rule base with fitting related membership

functions.

In the literature, there are different methods described that fulfill at least partly the men-

tioned tasks. An overview of some of the common neuro-fuzzy systems for rule generating is

provided in [VK15].

Dynamic evolving neural-fuzzy inference system (DENFIS) is a cluster-based approach to gen-

erate Takagi- and Sugeno-based fuzzy rules in online and offline mode [KS02]. The DENFIS

approach is implemented in a R package [RBHB15]. However, the interpretability of the gen-

erated rule base is low because of the nature of Takagi- and Sugeno-based FLC.

Fuzzy Adaptive Learning Control Network (FALCON) is hybrid neuro-fuzzy system and con-

sists of a multilayer network with nodes representing elements of a Mamdani type FLC. The

initial structure of the network is needed. This structure can change during the learning

phase, for example, nodes can be added or deleted. Learning is performed in two phases:

During the first phase, an unsupervised algorithm using a self-organizing method is applied

to adapt the internal structure of the system. Adaptation of the parameters of membership

functions is performed during the second phase in a supervised-learning approach [LL+91].

Another hybrid neuro-fuzzy algorithm to determine rule base and membership function is

called NEuro Fuzzy function apPROXimation (NEFPROX) [NK98]. It has a direct standalone

software implementation for Linux usable in an LL approach. NEFPROX can generate rules
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for Mamdani and Takagi and Sugeno systems. Easily interpretable rule structure is obtained

in which the used algorithm assures that the rule base consists only of a limited number of

rules and of interpretable fuzzy sets with shared weights. Through the use of shared weights

of fuzzy sets, fuzzy sets with the same linguistic meaning but in different fuzzy rules have the

same membership function, and the interpretability remains high [AHM03]. However, besides

the standalone implementation, there is no implementation for an open-source programming

language like R or Python.

Self-cOnstructing Neural Fuzzy Inference Network (SONFIN) is also a hybrid approach based

on ANFIS with the ability to change the network structure. Learning without a predefined

network structure is possible; however, if a apriori knowledge is available, it cannot be used in

the initial network structure [JL98]. An improved SONFIN method with higher performance

is described in [PLL+15].

Influential Rule Search Scheme (IRSS) is a neuro-fuzzy system to find membership func-

tions and associated fuzzy rules and acts as a nonlinear function approximator. Membership

functions and their partitions for each input and output variable are generated by an FCM

clustering algorithm in which the number of membership functions or clusters must be pre-

defined. The type of membership function is not predefined but derived from the training

data used. For the rule generation, an algorithm called initial fuzzy rule base construction is

applied. This algorithm first defines all rules possible with the related partitions and member-

ship functions and calculates for all possible rules a strength of rule value for all input-output

pairs. Rules with a high strength of rules values are held in the rule base. A detailed descrip-

tion of the algorithm can be found in [CRS06]. However, there is no direct implementation

of the algorithm for open-source tools like R or Python. Other mentioned algorithms for

generating a fuzzy rule base are, for example, mEFuNNs [KS99] or CURE [KAA+02].

A system mitigating the disadvantages of the described systems with the ability to gener-

ate an interpretable fuzzy rule base of Mamdani type, to tune membership functions, and

with a direct implementation in R is called hybrid neural fuzzy inference system (HyFIS)

[KK99]. The system is able to find fuzzy rules of Mamdani type from numerical learning data

combined with a neuro-fuzzy system that optimizes the parameters of membership functions

with error backpropagation. The described system is able to do both tasks necessary: finding

interpretable fuzzy rules and tuning related fuzzy sets or membership functions. It is also

implemented in an open-source R package called frbs [RBHB15] and can therefore also be

used in a low-cost LL approach as proposed in this thesis.
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In the approach described by [KK99], learning is performed in two phases: Fuzzy rules are

generated in the first phase with the Wang and Mendel algorithm [WM92] (section 16.4.3.2).

In the second phase, the corresponding membership functions are tuned by the adjustment of

the parameters of the used membership functions by applying a neuro-fuzzy model based on

a multilayer perceptron with error backpropagation (section 16.4.1.2). A similar technique to

that used in the second phase was described in the previous chapter called ANFIS; however,

the multilayer perceptron used for the HyFIS has a modified structure when compared with

ANFIS. If new training data is available, the generated fuzzy rules can be easily found and

integrated into the existing rule base [KK99]. This is a requirement necessary in the described

LL approach, as the learning phase of the system should continue during the application of

the system as an SDSS. The system working in the first phase is further called rule finding

module, and the system in the second phase membership function tuning module. A schematic

representation of a HyFIS system is visualized in figure 16.24.

The membership function tuning module consists of a five layered multilayer perceptron with

Figure 16.24: Schematic representation of a HyFIS system according to [KK99] (figure generated with

LibreOffice Draw).
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a supervised learning algorithm using error backpropagation with the following structure as

proposed by [KK99]:

• Layer 1 consists of input nodes transmitting crisp input values to the second layer. Each

node of Layer 2 is connected only with the nodes in Layer 2, which are used in the rules.

• Nodes in Layer 2 are called term nodes and consist of nodes representing membership

functions and calculating the degrees of membership for the different input linguistic

labels present in the antecedent of the used fuzzy rules. The parameters of the used

membership functions are not fixed and can be changed during the learning phase.

[WM92] and [KK99] originally used overlapping bell-shaped membership functions de-

scribing Gaussian distribution of the type

y
(2)
i (xh) = µi(xh) = e−

(xh−m)2

s2 (16.218)

whereby y
(2)
i represents the output of node i in layer 2 and m and s are the parame-

ters adjusted during the learning phase. However, every function with free parameters

fulfilling the characteristic of a membership function can be used. The outputs of the

nodes in Layer 2 are grades of membership with respect to the input value xh and the

regarded linguistic term h. Connection weights to this layer are set to 1.

• Nodes in Layer 3 represent the antecedent part of a IF ... THEN ... rule, whereby the

different statements of the antecedent part are connected with a fuzzy AND or t-norm.

[KK99] suggest the min operator as t-norm ⊤min; however, every other t-norm can be

used as the operator within these nodes. Connection weights to nodes within this layer

are set to 1. By using ⊤min as a t-norm, the output y
(3)
j of a node j in layer 3 can be

calculated as

y
(3)
j = min

i∈Kj

(y
(2)
i ). (16.219)

Kj is a set consisting of the indices of nodes of the previous layer, which have a connec-

tion to unit j.

• Layer 4 and related nodes represent the conclusion or THEN part of a rule. The

operators used in nodes of layer 4 are t-conorms ⊥ and the fuzzy OR operator. A

node in this layer is related to a linguistic label of the output space like small, medium
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or large. The t-conorm is used to integrate rules with the same conclusion part but

different antecedent part. The nodes of Layer 4 are connected with all nodes in the

previous layer. Connections between a node k in Layer 4 and a node j of the previous

layer are weighted with weights wk,j . The weights wk,j are also called certainty factor

and can be interpreted as the root of a degree to which a certain rule influences the

output after different rules were inferred. During the parameter learning phase, the

weights wk,j are adjusted. At the beginning of the process, weights wk,j are randomly

set to wk,j ∈ [−1, 1]. The output of node k in layer 4 is consequently calculated by

y
(4)
k = max

j∈Kk

(y
(3)
j w2

k,j). (16.220)

Again, Kk is a set consisting of the indices of nodes of the previous layer, which have a

connection to unit k, and w2
k,j is the degree to which the corresponding rule is activated

to the overall output.

• Nodes in Layer 5 fulfill defuzzification into a crisp value. Weights are set to 1 in the

connections to these nodes. A defuzzification method described in section 16.2.4 can be

used to generate a crisp output.

The architecture of the described membership function tuning module is visualized in figure

16.25.

The described HyFIS system has the advantage that it can be used in cases where both rules

and parameters for membership functions are unknown and can be used in pairs of input

and output data to generate a fuzzy rule base. However, interpretability gets lost to a certain

degree since due to membership function adjustment, there are different membership functions

for the same meaning and the rule base quickly becomes very large [KK99]. Nevertheless,

extraction of the rule base is possible.

There are several improved algorithms based on the HyFIS method available, for example,

[TQG09] and [TQG12] improved this method for noise-corrupted data. However, at the

moment there is no direct implementation of the improved algorithms usable in an open-source

LL approach. Implementing such improved methods would be a part within the research and

development cycle in an LL.

Summarizing, the HyFIS system is a neuro-fuzzy system that provides a model with which it

is possible to generate a rule base with adapted membership functions. Learning is performed

in a supervised online mode in which rule generation and membership function parameter
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Figure 16.25: Representation of the membership function tuning module of a HyFIS system with two inputs,

three rules, and five layers L1 , ... , L5 [KK99] (figure generated with LibreOffice Draw).

adaption is performed during the operating phase. The generated rule base can be extracted

but has a limited interpretability.

16.4.5 Interim conclusion

In the last sections, different methods were introduced with which it is possible to combine

a FLC with ANN methods. With such neuro-fuzzy systems, it is possible to pre-process in-

complete or noisy input data (section 16.4.1), find parameters for membership functions of

fuzzy sets (section 16.4.2), or generate fuzzy rules from example data (section 16.4.3) or both

(section 16.4.4).

With the described characteristics of CKDu with the unknown etiology of the disease and the

described approach of data sampling in a citizen-science approach in developing countries, the

described tools can help to achieve an FLC usable in an SDSS operable, even if the input data

is not such that it can be directly used in an FLC or if the rule base is not available for an FLC.

294



CHAPTER 16. FUZZY SETS, FUZZY LOGIC, AND ANN AND THEIR USE IN AN
SDSS

16.5 Chapter conclusion: fuzzy logic and ANN

In the last chapters, mathematical methods were introduced, that can be used in an SDSS that

is able to work with implicational fuzzy rules and fuzzy data (requirement R4.7, section

15.2). In the case of an LL for agrochemical-related risk mitigation strategies, the fitness of

risk mitigation strategies is described with IF ... THEN ... rules, which are evaluated together

with personal, logistic, and environmental parameters from an FLC, which is combined with

an ANN to a neuro-fuzzy system. In an LL, for each risk mitigation strategy an own system

can be set up, used, and trained before and during the operating phase of an LL.

Setting up the parameters of an FLC, for example, parameters of the membership functions

or appropriate t-norms, is a hard task that must be performed by experts but can also be

determined with algorithms as described in section 16.4.2. There are also algorithms available

that can generate an extractable fuzzy rule base. The algorithm described in section 16.4.3

produces such an extractable rule base (R4.8); however, it has relatively low interpretability.

Possibly, however, a rule base with a low interpretability can help to find patterns in mitigating

the risk of CKDu and can be used for further risk mitigation approaches, such as increasing

risk literacy in the population.

The described algorithms are based on the combination of FLC and ANN methods into a

neuro-fuzzy system. The combination of FLC and ANN with inherent learning ability (R4.2)

makes the resulting neuro-fuzzy system adaptive. Adaptivity helps to make the use of the

SDSS possible in different regions of the world, where people may make different decisions, for

example, due to differing social or cultural characteristics, and to adjust the decision making

according to the behavior and feedback of the user.

The proposed algorithms are all available as open-source packages or modules and can be

modified and used for free (R4.6). The method described in section 16.4.1 allows the pre-

processing of noisy or incomplete data such that it can be used in the proposed SDSS (R4.3).

The selected algorithms allow both online and offline modes. In online mode, the system is

learning during the operating phase of the SDSS. In offline mode, the neuro-fuzzy system

used as an SDSS can be trained with example data before its use in an LL approach.

Overall, with the described methods it is possible to create decision support with the aim of

proposing the best fitting risk mitigation strategy in an SDSS approach with the characteristics

of CKD, less-developed countries, and the selected LL approach.
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ture

The following chapter deals with possible hardware and software solutions in the described

LL framework.

17.1 Media to deliver spatial support

To use the described SDSS system, it is necessary to deliver information about the supported

decisions to the user and get information about personal characteristics, the location of a

person, and logistical or crowdsourced data to the SDSS. Different IT architectures for such

an information delivering system are realizable.

As described in section 12.2, the use of mobile devices gets increasingly widespread in less-

developed countries, although mobile internet connectivity lags behind the use of mobile

devices.

Server-client concept as, for example, described in [Sin92], is further used as a method for

data sampling, delivery, and processing. In this sense, one or more servers are used for data

storing, processing, generating, and delivering, and a client which can be regarded as a infor-

mation receiver GUI or in some cases, as a tool for data sampling and communication. The

main parts of the software to generate decision support and related software tools are running

on the server, and it takes the main computational load. Clients can be, for example, digital

devices like mobile phones, laptops, or desktop computers. However, it is also possible to

give spatial decision support via paper-based information or information delivered via radio

or television (TV). The use of a radio or TV has the disadvantage that communication is only

possible into one direction – to the users – but without a feedback from the user. Additionally,

it is hardly or not possible to collect observations via the described citizen-science approach

(chapter 6) for which a connection from the user to the SDSS is also needed.

The use of mobile devices as a medium for delivering personal adapted risk mitigation strate-
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gies and to collect data has large advantages in contrast to the use of other mediums, such

as radio, TV, or paper-based decision support. It is possible to give personally tailored ad-

vice, which is difficult with mass media like TV or radio; data can be sampled, processed,

and delivered much faster than in a paper-based framework, where data must be delivered

manually, e.g., information about observations must be transported, digitalized, processed,

and information about decision support must be transported to the user. The use of a mobile

electronic device also has the advantage that communication between the SDSS and the user

is more intensive and faster. With faster information delivery by and to the user, the temporal

and spatial quality of the delivered information increases.

However, the last-mile problem described in section 6.4 must be kept in mind. Despite the

increasing number of mobile phone users and people with mobile devices, there are still regions

without mobile internet connectivity.

17.2 Online and offline mode

A SDSS for a mobile device can be used in both offline and online mode. Offline mode

means that no permanent internet connectivity and no connection via SMS is necessary or

is only necessary for a short time, e.g., to update information or to upload or download

data. Updates and downloads are only performed when a connection is available, e.g., WiFi

at a public location or at home. Offline mode is used because mobile devices and sending

SMS or a permanent mobile internet connection is too expensive or because of infrastructural

limitations, such as a lack of internet connectivity. In offline mode, the software for generating

SDSS often runs directly on the digital device itself, and large data amount must be stored

on the device, e.g., maps or databases.

Online mode means that there is a permanent connection between the user’s device and

a central processing unit, e.g., in a data center. The information for decision support is

generated on the central processing unit in the data center, e.g., a server and delivered to

the user with a fast velocity. The client or user’s device is used for information sampling,

receiving and visualization. Online mode has the advantage that more actual information

can be used and therefore the temporal quality of information is higher (section 7.3). In a

permanent online mode, nearly real-time information can be used.

Offline mode has the disadvantages that a device with specified requirements in terms of CPU,
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RAM, and storage is necessary to run the SDSS software tools and related applications, and

the system requirements are higher for devices used in offline mode. Additionally, since

information is only updated at irregular time points, e.g., when the user is in an area with

WiFi access, the temporal quality of information is lower than in the online approach in which

data is continuously updated.

Online mode can be also used with a device with low computing power, e.g., through a web

application for which only a browser is needed on the user’s device and everything related to

SDSS and risk mitigation is computed on a central server. However, the personal data of the

user might be processed or stored on a central server. Additionally, the hardware requirements

for a server that processes and generates the spatial support queries for all connected client

devices are higher in online mode. Additionally, an internet connection is necessary to use it.

For the online mode, a permanent internet connection is needed. Data and maps are stored

on a server, and SDSS related and additional software are installed and run on the server.

In figure 17.1, a sample information flow in a server-client approach in the LL is visualized.

The different stakeholders are connected to the data center and receive information they need

for their work in the field of risk mitigation strategies and deliver information to the data

center that can be used by other stakeholders in the LL approach. The SDSS system operates

on the hardware in the data center and delivers spatial support to the community members

of the LL.

17.3 Hardware

For the described IT tasks in the LL, it is necessary to operate an own data center in an LL

structure or rent the necessary IT infrastructure to run the necessary software solutions and

deliver spatial support or information about risk mitigation strategies. In the following, the

described server and client concept for data processing, generating, and delivery is used and

described.

The hardware must be rented or purchased according to:

• selected information delivering mode,

• used media for information delivery,

• requirements for the selected software,

• available expertise of stakeholders,
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Figure 17.1: Example for the information flow between different stakeholders and a centralized data center in

the LL approach (figure generated with LibreOffice Draw, image source https://www.flaticon.com, creators:

Freepik, Gajah Mada, Eucalyp, Karyative, fajarestuu).

• available financial and infrastructural resources, and

• compatibility with the used open-source software.

In the LL approach, hardware must be selected according to available financial resources and

requirements of the selected software tools. However, the used mode – online or offline – also

has an influence on the requirements for the selected hardware. In offline mode, the different

software tools of the SDSS run on the client itself; therefore, less computing power is needed

on the centralized servers but more on the devices.

The available expertise of the stakeholders also determines which hardware equipment can be

used for the SDSS. For example, if the group of stakeholders has only limited expertise in IT

related topics, the operation of an own data center in the LL will be an obstacle.

To generate spatial decision support, personalized and health-related data must be stored and

processed in an own operated data center or on rented IT equipment. For personalized and

health-related data, there are special minimum requirements for data storage and handling
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[IMKA20]. The decision of whether an own data center can be operated in the LL or if

the IT infrastructure must be rented is also dependent on the knowledge of the involved

stakeholders, for example, if data security specialists are involved to ensure the necessary IT

security requirements on the operated IT systems.

Media used for information delivery also influences the requirements for hardware. Delivering

spatial support via TV has other requirements for hardware than delivering information via

the internet does.

Additionally, the compatibility of the hardware with the used open-source software must be

regarded during the hardware selection process. Infrastructural conditions, e.g., available

power supply, must also be emphasized.

17.4 Possible software solutions for the described LL approach

The described LL approach with the aim of finding and improving risk mitigation strategies

for a disease with unknown etiology is located in less-developed countries with poor economic

resources and the characteristics of a less-developed country, as described in section 2.1.2.

Low economic resources in general may come along with low economic resources in the LL

and its stakeholders and community members, as well as with IT components with a low

performance. Stakeholders involved in the LL approach have a multidisciplinary background

and are not in all cases IT specialists, therefore IT-related processes must be as easy as pos-

sible, e.g., the use and installation of software components. The developed software tools

should be such that they can be used in a structural similar problem and can be adapted

and developed further; therefore, they should be subject to an open license. The used and

developed software tools should also run on devices with low performance, as such are often

used in less-developed countries. The developed and used software tools should have a easy

usability, as stakeholders and community members might not be IT experts and might have

a low education in using IT components and related IT.

Summarizing, the software tools used in the LL approach should meet the following require-

ments:

• (R4.1): free of charge or low-cost,

• (R4.2): must work on IT components with partly low performance,
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• (R4.3): easy usability and installation process, and

• (R4.4): products should be adaptable for development and use (open license).

These requirements fit to the concept of open-source software, as described in section 5.3.2.1.

Open source software is free of charge (R4.1), developed software solutions and products are

under an open license and can therefore be modified and adapted (R4.4), and they need

IT resources with a lower performance than commercial software. For example, there are

open-source operating systems available whose operating system distributions only need IT

components with a relatively low performance, e.g., the operating system Lubuntu [hom20]

(R4.2).

In the past, open-source software solutions were mostly developed by specialists for their own

use. Therefore, open-source solutions often had a low usability for other users. As increasingly

more open-source software is developed for other users, the aspect of user-friendliness plays an

ever greater role in the development of open-source software but often lags behind proprietary

software [Ant16] (R4.3).

Despite the lower usability, using a open-source operating system like Ubuntu [Can24] or

other Linux distributions that allow to create customized live devices for installation with

predefined software packages that must be installed and with installation scripts for automated

installation is advisable. This has the advantage that all stakeholders involved in the LL using

the live device for installation have a common software pool, helping to increase data integrity

for the exchange between the different stakeholders as a result of a common data format.

The implemented install scripts make the installation process as easy as possible. There

are different live device creator tools available, e.g., for Linux the tool LiveCDCustomization

(https://help.ubuntu.com/community/LiveCDCustomization).

The use of software under the open-source software concept allows also its modification and

adaptation, e.g., for other projects with a structural similarity. Appendix C lists possible open-

source software solutions for every task in an LL approach: components of a data center to

run servers and core software like virtualization software, firewall, user management software,

and e-mail back- and front-end, and open-source tools for office work of the stakeholders and

LL administration (chapter 5), software tools for data delivery and collection (chapter 6), as

well as for data processing and manipulation (chapter 7), and software tools for mathematical

modeling (chapter 3) and generating spatial decision support (chapter 15), and risk mitigation

materials (part III).
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This pool of open-source software tools can be regarded as an initial base of software solutions

in an LL approach that can be modified during the research and development cycle and the

operating phase of the LL.

17.5 Chapter conclusion

In the LL approach, the mode of operation in terms of online and offline mode must be

selected according to the available resources (data center and client devices) and available

mobile internet access. For example, in areas with low mobile internet connectivity, an offline

mode would make more sense because the SDSS components can run at least partly on the

user’s devices and internet access is only occasionally necessary. In addition, the use of

paper-, TV-, or radio-based SDSS should be considered in regions with low infrastructural

conditions.

The selection of the used hardware and software influences each other: used software has

specific software requirements to the available hardware. However, there are often several

software tools with different software requirements. The selection of software for the LL

approach should be made according to the performance of the available hardware equipment,

and the selection of hardware should be made according to available financial resources and

selected software tools.

The proposed software tools are completely open source. They can be used for free and

adapted to the special characteristics of the LL project. As personal and health-related data

is processed and stored on the LL-related IT components, dedicated security measures must

be considered in the area of IT security and data protection.
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framework

Requirements for an SDSS in the described framework were defined in section 15.2. In chapters

6, 7 and 16, methods were introduced with which it is possible to create an initial SDSS with

the mentioned requirements as well as methods to sample data in a crowdsourcing approach

in an LL. The present chapter summarizes results from the previous chapters together and

proposes a model SDSS usable in an LL approach with a agrochemical related disease of

unknown etiology.

18.1 Mathematical description of the adaptive mapping ma-

chine in the SDSS

In short, a system is needed that performs a mapping from a n-dimensional vector to a m-

dimensional vector, where n parameters determine the grade of fitness of m risk mitigation

strategies. In this vector, the grade of fitness for each risk mitigation strategy is stored as a

value in an interval [0, 1].

The values of n input parameters x1, x2, · · · , xn that are stored in the vector x = (x1, x2, · · · , xn)T

with n ∈ IN can be in general of different types, e.g., expressed as a real value IR or as a grade

of membership in the interval [0, 1]. The domain K of the mapping F can be expressed as a

subset of IRn, K ⊂ IRn. The m values of the output vector y = (y1, · · · , ym)T with m ∈ IN

represent the grade of fitness of m possible risk mitigation strategies, expressed as a grade of

membership. Therefore, in general, the SDSS should perform the following mapping F :

F : K → [0, 1]m (18.1)

(x1, · · · , xn)T 7→ F ((x1, · · · , xn)T ) = (y1, · · · , ym)T (18.2)

The output vector y and the grade of fitness for the different risk mitigation strategies is

proposed by the SDSS. However, the proposed values are often not the grades of fitness
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as in reality. The realistic values can be, e.g., measured by the user’s feedback, the values

determined by the user’s feedback are stored in a vector ỹ = (ỹ1, · · · , ỹm)T .

The SDSS should be a system that learns from the user’s feedback by taking the deviation

between y and ỹ into account. That means that F is not a static mapping; in online-mode, the

mapping F changes each time the SDSS is used and is adapted in relation to the deviation

between y and ỹ, with the aim that the deviation becomes smaller if the same vector is

presented to the SDSS the next time.

Therefore, a parameter k ∈ IN is introduced, describing the iteration step number the SDSS

was used, and the mapping after k iteration steps is called Fk. The initial state is set to k = 0,

the initial mapping before it is used is therefore called F0.

This can be describe as follows:

Fk
learning−−−−−→ Fk+1 (18.3)

In the k − th iteration step, the mapping Fk−1 is used, the input vector used in this step is

defined as xk = (xk1, x
k
2, · · · , xkn)T , the calculated output vector yk = (yk1 , y

k
2 , · · · , ykm)T and

the grade of fitness determined by the user’s feedback ỹk = (ỹk1 , ỹ
k
2 , · · · , ỹkm)T , resulting in a

change of the mapping from Fk−1 to Fk .

Fk : K → [0, 1]m (18.4)

(xk1, · · · , xkn)T 7→ F((x1, · · · , xn)T ) = (y1, · · · , ym)T (18.5)

Possible solutions that are able to perform such an adaptive and learning mapping for vague

and fuzzy data are, for example, FLC, ANN, or neuro-fuzzy systems as introduced in chapter

16.

18.2 Domain and co-domain of the proposed SDSS

The situation in the analyzed LL framework can be described as a set of people or community

members who want to mitigate the risk to suffer from a agrochemical-related disease. Risk

mitigation is performed with the help of an SDSS. To generate SDSS, a mapping machine is

used that maps from an input vector x to a output vector y. In the input vector, different

values for parameters determining the fitness of the proposed risk mitigation strategies are

stored.

Each user has an own risk profile and values of parameters that can be used to describe the

304



CHAPTER 18. DEVELOPMENT OF AN SDSS IN THE DESCRIBED LL
FRAMEWORK

fitness of different risk mitigation strategies. In the user’s profile, the value for each param-

eter determining the risk and fitness, such as the literacy rate, health history, constraints in

the use of risk mitigation strategies due to religious or social aspects, availability of mobile

devices, etc., can be stored.

Additionally, environmental and logistical parameters, such as temperature, precipitation,

pesticide application patterns, and availability of risk mitigation resources also determine the

fitness of risk mitigation strategies. They can be partly recorded with sensors or determined

from available databases connected to the SDSS, for example, temperature, precipitation, or

maps visualizing the availability of risk mitigation resources.

Mathematically the values of the user and environmental profile can be stored in a j-dimensional

tuple, which can be regarded as an input vector for the SDSS. The elements incorporated

in the input tuple must be determined by scientists, physicians, and community members

and can be determined partly in an LL approach, the values of the parameters in the user

profile in interviews, questionnaires, or medical investigations. To get an initial set of minimal

data elements for the input vector, a similar framework to that used by [TBG+06] to identify

minimum data elements for care of patients is proposed. [G1̈4] used this approach to identify

minimal data elements for CKD patients. The minimal data elements defined in [G1̈4] can

be used as a initial framework. However, the granularity is not as fine as needed and must be

adjusted over time.

18.3 Developed SDSS

Derived from the results of this thesis and the requirements defined in section 15.2, the SDSS

visualized in figure 18.1, which consists of different sub-components, is proposed as an initial

base for use in a research and development cycle in the described LL framework. In gen-

eral, the SDSS consists of different sub-modules: modules for data preparation with abilities

for incomplete data handling and interpolation tasks and a data quality estimator module

and adaptive mapping machine with the ability to learn from users’ feedback. Examples for

possible mathematical methods and related software solutions which can be used for the sub-

modules are described in chapters 7 and 16.

According to requirement R4.6 (section 15.2), the software components of the SDSS should

be free for use in less-developed countries and with the opportunity to modify related software
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Figure 18.1: Flowchart of an SDSS in the proposed framework (figure generated with draw.io).

code. The concept of open-source software (section 5.3.2.1) with its different offered licenses

fulfills this requirement. Therefore, the software solutions for the sub-modules of the SDSS in

this thesis are completely open source. A list of the proposed open-source software modules

is provided in Appendix C. However, the proposed software modules are only an example for

a base SDSS; during the research and development cycle of the SDSS in an LL approach, the

selected methods and related software modules might change.

Input data as described in section 18.2 are parameters helping to model the fitness of differ-

ent risk mitigation strategies. They are derived from scientific literature or expert knowledge

and can be grouped into personal data gained, for example, through surveys performed in

the LL community as well as environmental and pesticide use data delivered by agencies and

authorities or collected in a citizen-science approach (chapter 6). By incorporating personal

data, decision support tailored to the user can be obtained, fulfilling requirement R4.1. These

parameters are not a closed set; they might change over time, e.g., if new scientific or expert

knowledge about the topic is gained.

Following this, input data is processed by a data preparation module. The proposed data

preparation module performs missing data handling within datasets and interpolation tasks

of the input data in order to be usable by the adaptive mapping machine or to obtain data
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for missing data items. Possible methods to deal with missing data items and implemented

open-source software tools can be found in section 7.4 and for interpolation tasks in Section

7.2. Missing data handling is necessary because some of the methods proposed as adaptive

mapping methods, e.g., ANN, are based on complete data items. Interpolation in the de-

scribed task is used to obtain new, unknown data between data items, e.g., in a discrete mesh

of sampling points. Processed input data is further used as input data in the adaptive map-

ping machine. This sub-module is related to requirement R4.4, which holds that the system

should be able to deal with incomplete and noisy data. However, there are also methods

available that can work directly with noisy or missing data, such as concurrent neuro-fuzzy

systems (section 16.4.1).

Connected to the data preparation module is a data quality estimator that is able to deter-

mine temporal and spatial data quality of the input data. The quality of the input data also

determines the quality of the generated decision support, which is information necessary to

estimate the validity of the decision support. Methods to estimate temporal and spatial data

quality are described in section 7.3. As stated in requirement R4.5, the SDSS should be

also able to work with aggregated data and with data heterogeneity. The use of a measure

for data quality also allows the use of different data sources with different data quality, re-

sulting in different decision support and related quality measures. For example, in chapter

11, a method was described for the way nearly real-time information about the presence of

pesticides in the environment can be gained with a citizen-science approach. Data obtained

with this approach has a relatively high temporal and spatial quality. If such precise data

is not available, a fallback to a proxy variable with a lower temporal or spatial quality, for

example, pesticide application maps averaged over a year, should be possible. However, de-

cision support in terms of avoiding areas with pesticides in the environment generated with

application maps over a year has a lower temporal quality than the same decision support

generated with nearly real-time data.

Processed input data and temporal and spatial quality are further used in the adaptive map-

ping machine to generate decision support, for example, the grade of fitness for different in

the LL risk mitigation strategies offered. A system with learning ability (requirement R4.2)

is necessary to improve decision making and adapt it to the user’s needs or different regions.

Methods with a learning ability are, for example, neuro-fuzzy systems with parameter tuning

(section 16.4.2) or ANN (section 16.3.3). In the case of CKDu in El Salvador, the system

should be able to work with fuzzy logic and rules (R4.7) and if possible, be able to extract
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logical rules (R4.8). Methods fulfilling requirement R4.7 are, for example, all neuro-fuzzy

systems introduced in section 16.4 or algorithms working on fuzzy logic with the ability to

extract fuzzy rules are FCM or Wang and Mendel algorithm (section 16.4.3).

Decision support generated by the adaptive mapping machine, for example, a vector with the

fitness of different risk mitigation strategies, is further delivered to the user of the SDSS, a

person living in the LL, and the best-fitting risk mitigation strategy is applied by the user.

The user can give feedback about the personal fitness of the proposed risk mitigation strategy,

which is then delivered back to the adaptive mapping machine, resulting in the adaption of the

parameters of the mapping machine, for example, weights of a digraph, in order to improve

decision making in the next iteration step.

The user has a second path for feedback; they can give feedback about the risk mitigation

strategy itself in the research and development cycle to improve the risk mitigation strategy

or used methodologies within the research and development cycle in the LL together with the

involved stakeholders. Examples for low-cost risk mitigation strategies usable in the described

framework can be taken from part III.

The SDSS is implemented in the research and development cycle of an LL (section 5.3). Sub-

components are selected, evaluated, and improved or adapted by the users and stakeholders in

the LL approach. Sub-components can also be, for example, removed or added and evaluated

in the LL with the aim of improving the decision-making process.

Figure 18.1 gives only an example about how such an SDSS can look at the start of the

research and development cycle and that fulfills the requirements defined in section 15.2.

However, during the research and development cycle, the structure and sub-components of

the SDSS are also under permanent evaluation and might change over time.

18.4 Chapter discussion

In the previous chapter, an SDSS was developed that is based on the requirements defined

in section 15.2 and derived from the characteristics of a disease with an unknown etiology

related to agrochemicals in less-developed countries.

The resulting SDSS can deal with fuzzy or vague temporal and spatial data and gives deci-

sion support. It can be adapted to the needs of people living in rural areas in less-developed

countries and is completely open source and free of charge. It is not only restricted to the case
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of CKD in El Salvador, but through the open source and learning approach, it can be also

adapted to other regions with similar diseases. In contrast to existing SDSS, the developed

SDSS is not a static one; it is modified over time within the research and development cycle

in an LL in order to improve decision making.

In contrast to the SDSS described in [RZJ+20], where a crop model called Quantitative Eval-

uation of the Fertility of Tropical Soils (QUEFTS) was used to adjust the fertilizer amount

to site specific conditions, the SDSS described in this thesis has a broader application with

different risk mitigation strategies to minimize the released agrochemical amount or to mini-

mize the exposure to agrochemicals when walking through a contaminated areas. Other risk

mitigation strategies can be also implemented in the SDSS described in this thesis.

[ZMBM20] identified several challenges for SDSS applied in agriculture: low usability and ac-

cessibility of GUI, missing functionalities for decision making over different time spans (short,

mid and long term decisions), missing adaption to uncertainty and dynamic changes, imple-

menting expert knowledge to adjust faulty decision support, implement historical information

to improve the decision support, implement decision correction mechanisms, and allow fore-

casting for future decisions.

A SDSS with a fuzzy interference system to give decision support related to irrigation is

described in [GML15] in which the system shows good performance. However, the SDSS

described in this thesis is not restricted to a special decision support method due to its mod-

ular conception. The chosen LL approach allows the testing or adjusting of different decision

support methods within the research and development cycle.
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As described in section 1.2, the overall aim of this thesis is to address user-driven innovation for

risk mitigation under the given local and regional requirements and constraints. The evaluated

structure should be able to adapt to these local, regional, or even individual requirements and

constraints to give decision support to a person in the field of risk mitigation related to

exposure to hazardous agricultural substances with low-cost methods to be usable in a less-

developed country. To achieve this aim, four research hypotheses were formulated in section

1.2:

H1: A user-centered research and development environment can be adapted with the aim

of developing risk mitigation strategies related to agrochemicals or CKDu in less-developed

countries.

H2: It is possible to generate an initial base repository of risk mitigation strategies for a

user-centered research and development environment.

H3: Mathematical methods can be used to develop an SDSS to find the best fitting risk

mitigation strategies tailored to personal characteristics and available resources with fuzzy

data.

H4: Related IT systems and risk mitigation strategies can be developed with open source

and low-cost methods.

In order to test hypotheses H1 the characteristics of developing countries and agricul-

ture practiced under these local and regional requirements and constraints were analyzed in

section 2.2.4. Derived from these characteristics, a requirement and constraints analysis for

the user-centered research and development environment was developed in section 5.2. The

requirement and constraints analysis showed that the concept LL fits as a research and de-

velopment environment. In contrast to the general application fields of LL, where often a
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commercial market interest is the main driver for the LL application, in section 5.3, the LL

approach was adapted to a low-cost approach in which spatial and temporal data can be

processed. LL is used as a research and development environment and as a sensor through

which data is collected by community members for example by surveys or in a citizen-science

approach (chapter 6), and low-cost risk mitigation strategies (chapter 9) can be further devel-

oped and evaluated in the LL approach. Additionally, the LL itself is designed as a low-cost

method, where open-source software is used to operate the LL (section 17.4). Therefore, H1

can be accepted. Low-cost methods play an important role for upscaling successful LL ap-

proaches because the costs for adaptation and reusability are reduced to the licensing.

Regarding hypothesis H2 in chapter 9, requirements for possible low-cost risk mitigation

strategies in the described framework were defined. According to these requirements, dif-

ferent exemplary low-cost risk mitigation strategies were developed in part III that can be

regarded as an initial base repository of risk mitigation strategies usable in the LL approach.

In contrast to existing strategies to minimize, for example, agrochemical inputs, the proposed

risk mitigation strategies work on the software side with open source and free of charge soft-

ware tools and use free available data sources. The developed risk mitigation strategies can

be applied and further developed by the user’s feedback in an LL approach (section 18.3).

Therefore, H2 can be also accepted.

Requirements for an SDSS in the described framework related to H3 were defined in chapter

15. Mathematical methods usable for an SDSS and which are at the same time implemented

in open-source software like FLC, ANN or neuro-fuzzy systems were introduced in chapter 16.

The driver for neuro-fuzzy systems are the adaptivity of the SDSS and the representation of

expert knowledge to leverage information even if the source is fuzzy. Technical and software-

side implementation were discussed in chapter 17. As quality of the generated spatial decision

support is always connected to the quality of the input parameters that are used to generate

spatial decision support, methods to rate the temporal and spatial quality of different pa-

rameters were developed in chapter 7. In section 18.3, an exemplary structure of an SDSS

derived from the mentioned requirements, consisting of different sub-components and usable

in the research and development environment LL, were developed. Summarizing, H3 can be

also accepted.

To check hypothesis H4, it was analyzed if all necessary software components related to the

SDSS and LL are available as open-source software, if they are interoperable, and if risk

mitigation strategies can be developed as low-cost risk mitigation strategies. For all tasks
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necessary to operate an LL and to generate and deliver spatial decision support, open-source

software solutions can be found (chapter 17). Additionally, an example of different low-cost

risk mitigation strategies usable in the described LL were developed (part III). These are the

decision options of the SDSS. H4 can be also accepted.

Summarizing, the aims of this thesis as defined in section 1.2 were achieved and research

hypotheses were accepted. A concept for a research and development environment for an

agrochemical disease of unknown etiology in a less-developed country was worked out to-

gether with a low-cost SDSS and risk mitigation strategies. Requirements and constraints

are heterogeneous and a successful risk mitigation with method A1 at location L1 might not

be successful at location L2 and vice versa. Therefore, in addition to a classical scientific

approach to show which mitigation is in general the most helpful one, the presented approach

in this thesis integrates the specific regional and local requirements and constraints into adap-

tation of response options for communities or specific social, cultural, or economic settings.

The benefit of the thesis in contrast to other scientific research based on risk mitigation

strategies lies in the user-centered approach with its low-cost components and adaptivity in

an agrochemical-related context. Through the combination of ecotoxicological methods with

mathematical modeling and the LL in an open community approach, this could be achieved.

An adaptive SDSS with the ability to learn from existing cases is the core of this concept.

Through the user-centered innovation approach in the LL, the knowledge of community mem-

bers can be used. The used low-cost approach allows the use in less-developed countries. This

is a benefit in contrast to other pesticide reduction approaches, which focus mostly on high

tech methods for industrialized agriculture.

The theoretical results of this thesis have not been implemented in a productive system to

date. The results of the thesis were originally intended to be implemented into the concrete

development of an LL as part of the LLinES project related to CKDu in El Salvador. How-

ever, the LLinES project had to be terminated due to security risks and gang crime in the

Bajo Lempa pilot region and changes in health policy objectives in El Salvador. As men-

tioned in section 2.1.1, CKDu has a large spatial distribution over the whole world. It would

be desirable that a new pilot region can be found to implement the developed concept in a

CKDu affected area or region with other agrochemical related disease with a temporal and

spatial dimension in a less-developed country.

However, the chosen multidisciplinary research and development approach in an LL with a

modular open-source SDSS can be adapted to other topics and fields. The selected LL ap-
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proach with low-cost methods can be further used for tasks outside of agrochemical-related

topics in less-developed countries or in regions with low economic areas, and the proposed

software modules are open source and can be adapted to other topics. Transfer to other ap-

plications seems to be reasonable whenever heterogeneous local requirements and constraints

have an impact on the risk management options.

The proposed SDSS with the ability to handle temporal and spatial data might be usable in

other contexts with a temporal and spatial dimension, for example, in an educational context.

The availability of learning resources also has a temporal and spatial dimension. An SDSS

might be helpful to assist, for example, pupils or students with learning difficulties to sug-

gest learning materials tailored to the user’s needs and learning difficulties and the temporal

and spatial availability of learning materials. Through the use of open-source software and

free available software tools, such a system can also be used in regions with low economic

resources or a weak educational system. The adaptation to local and regional requirements

and constraints is a key element and underlying principle of this thesis. The use of open

source supports the freedom of communities to adapt a given SDSS to the requirements and

constraints of the communities.

The rise of AI-based methods and especially chatbots opens new applications of AI-based

tools in the described risk mitigation approach. AI and ANN are not only used to estimate

the fitness of risk mitigation strategies, but they can also be used as risk mitigation strategies

themselves. For example, chatbots based on large language model (LLM) can be used as a

risk mitigation strategy. Community members can ask questions about pesticide reduction

or application and get answers from the chatbot. LLM based chatbots have limitations, for

example, hallucinations, where the chatbot produces good sounding answers but with wrong

or inaccurate content [HMS24]. Therefore, its use in a health-related context must be done

under high caution.

The first step in the general application of the theoretical results in a prototype system would

be the implementation of the SDSS as an open-source software system with a user friendly

GUI and defined interfaces between the used software tools. In this thesis, several building

blocks and sub-modules were identified that were combined into a base SDSS prototype for

further applications and adaptations and can be used for first demonstration purposes.

The developed low-cost risk mitigation strategies for a base repository (part III) can also be

used and evaluated outside of the proposed LL approach related to CKDu. Saving necessary

pesticide amounts and exposure to pesticides influences expenses on agricultural inputs and
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might have a positive influence on ecosystem and human health in general.
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A | Equations for the calculation of application rates

Table A.1: Equations for the calculation of application rates

Application rate Region Sources

p(crop, country, substgroup)=

partly direct available or calculated countries in the EU [otEU07]

for year 2000

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year


[otEU14]

1
|EU|

∑
countries ∈

EU

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year


European countries [otEU07]

without EU states [otEU14]

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year


states in the USA [CF]

1
|USA|

∑
states ∈

USA

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year


Canada [CF]
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Application rate Region Sources

p(crop, country, substgroup)=

∑
substances ∈
substancegr

q


crop

country

substance

year



a


crop

country

year


South Africa unpublished source

∑
substances ∈

substancegroup

q


crop

country

substance

year

 · µ

 crop

country



a


crop

country

year


Zimbabwe, Kenya, [fIDU94], [fIDU94]

Ivory Coast [FD11b] , [FD11c]

1
3

∑
Zimbabwe,Kenya,

IvoryCoast

∑
substances ∈

substancegroup

q


crop

country

substance

year

 · µ

 crop

country



a


crop

country

year


rest of [fIDU94], [fIDU94]

Africa [FD11b] , [FD11c]

1
|EU| + |USA|



∑
countries ∈

EU

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year


+ other countries [otEU07], [otEU14]

∑
substances ∈

substancegroup

q


crop

country

substance

year



a


crop

country

year





[CF]
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APPENDIX B. MAPS VISUALIZING THE CROP RESPONSIBLE FOR THE HIGHEST
APPLIED SUBSTANCE AMOUNT

Figure B.1: Map visualizing the crop responsible for the highest applied fungicide amount per raster cell

(figure generated with QGIS).
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Figure B.2: Map visualizing the crop responsible for the highest applied herbicide amount per raster cell

(figure generated with QGIS).
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SOFTWARE SOLUTIONS

Table C.1: Tasks in the LL and possible open-source software solutions

General office work

Task Possible open-source software solution

Operating system Linux, e.g., Lubuntu [Fou20f]

Coordination of the LL approach, Weekan [Oja20], OpenProject

project management

Communication via internet Thunderbird [Fou20d], Firefox [Fou20c]

Generation of documents: working LibreOffice [Fou20e] , Apache OpenOffice [Fou20b],

documents, reports and public relations Atom TextEditor [Git21]

Generation of scientific publications MiKTeX [Sch21], R [R C20], R-Studio [RSt20]:

knitr [Xie20], rticles [AXR+20]

Software for data delivery and data collection

tools to collect and track personal R [R C20], R-Studio [RSt20]: shiny [CCA+20],

data from the community members shiny-server [RSt21], geoloc [Fay21]

(historical, behavior, medical and OpenDataKit [BOTS19], SDAPS [Ber14],

related to the given SDS) and of Mozilla DeepSpeech [text-to-speech] [Cor20]

environmental parameters

deliver SDS, early warning and risk Apache HTTP Server [Fou20a], ShinyServer [RSt21],

mitigation materials from the server to MySQL relational database mngmnt system [Cor21],

the user (client) Firefox (client) [Fou20c], MediaWiki [Fou20g],

Ampache media server [Tea20]
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Software for data storage and manipulation

Generate, access and manipulate MySQL relational database mngmnt system [Cor21],

databases for tempospatial and R [R C20], R-Studio [RSt20], GNU Octave [EBHW20] ,

nontempospatial data PostgreSQL [PGDG08], PostGIS [Pos24]

content collaboration platform, cloud Nextcloud [Nex24]

imputation mice [VBGO11],amelia [HKB11], Hmisc [HJHJ19],

missForest [SB12]

Software for mathematical modeling

generate and to work with maps with a R [R C20], R-Studio [RSt20]: sf [Peb18], sp [PB05],

temporal and spatial dimmension maps [BWB+18], raster [Hij23], stars [PB23] ,

related to risk and ressource maps QGIS [QGI24], GRASS GIS [Tea15]

SAGA-GIS [SAG24], Python [VRD09]

GNU Octave [EBHW20], terra [Hij24]

generate algorithms for SDSS R, R-Studio: nnet [VR02], neuralnet [FGW19],

and early warning RSNNS [BB12], FuzzyR [CGR21], lfl [BŠ21]

deepnet [Ron22], GNU Octave [EBHW20]

Software for generation of materials for risk mitigation

create materials for risk mitigation: Blender [Com18], GIMP [The19],

visualisation (digital and paper based) office tools, GIS tools,

A-Frame [MMN24], ARToolKit [CD16]

create digital materials for risk OpenShot [OS24] , OBS [Bai24],

mitigation: audio and video Audacity [Tea24], Libre Translate ,

MaryTTS (TextToSpeech) [ST03]
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Data center

Operating system for server Linux, e.g., Ubuntu [Can24]

virtualisation platform Proxmox [Pro24]

user management OpenLDAP [Chu07]

E-Mail frontend Sogo,

E-Mail backend Postfix, Dovecot

Firewall OPNsense
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