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Abstract 

 
    Nowadays, high demands for food from the world-wide growing population are impacting 

the environment and putting many pressures on agricultural productivity. As a farming 

management concept, smart agriculture tries to integrate advanced technologies like Internet of 

Things, Artificial Intelligence, and Remote Sensing into current farming practices for the purpose 

of boosting productivity and improving the quality of agricultural products. The core of smart 

agriculture emphasizes on the use of information systems and communication technologies in the 

cyber-physical farm management cycle. However, farmers can hardly take advantage of collected 

information to make proper decisions because it is difficult to transfer the explosive amount of 

raw data from sensors, actuators, and networks into practical knowledge for managing farming 

operations. Therefore, delivering an agricultural decision support system to farmers to assist them 

in making evidence-based decisions is needed. 

The ultimate objective of this thesis is to design and implement a decision support system 

within the Aggregate Farming in the Cloud (AFarCloud) platform. Meanwhile, the proposed 

decision support system tries to overcome the current challenging problems in this topic. To 

achieve this objective, this thesis follows the below three research areas. 

The first area aims at providing a general solution for delivering an agricultural decision 

support system for the AFarCloud platform. An architectural proposal of the decision support 

system framework for managing farming operations is presented in this thesis. The proposed 

framework defines an algorithm manager and an algorithm toolbox. The former component is 

responsible to configure registered decision support algorithms, while the latter component is 

capable of selecting a certain algorithm to generate decision supports. The proposed framework 

demonstrates how smart agriculture can benefit from the support of a decision support system, 

and therefore assist farmers in making evidence-based decisions. 

The second area focuses on designing a case-based reasoning (CBR) algorithm to generate 

decision supports for farmers. This CBR algorithm is implemented within the framework 

proposed in the first research area, in particular, within the algorithm toolbox component. 

According to the nature of the CBR algorithm, it can be divided into five steps, including 

representation, retrieval, reuse, revision, and retention. In this thesis, an improved CBR algorithm 

is proposed to overcome the detected shortcomings of the current research work. Firstly, an 

associated case representation formalism is presented for enhancing the typical feature vector 

representation. The proposed representation formalism contains the similar and dissimilar 
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associations between past cases, enabling to compare potential similar cases preferentially. 

Secondly, a triangular similarity measure is designed by taking advantage of cosine and Euclidean 

distance measures. For providing a precise measurement, the magnitude differences between two 

compared N-dimensional vectors are taken into consideration. Thirdly, a fast case retrieval 

algorithm is developed, enabling to determine a list of similar past cases by comparing a fewer 

number of cases. As a consequence, the retrieval efficiency is improved while the retrieval 

accuracy can be guaranteed as well. Fourthly, a learning-based approach for solution reuse and 

revision is studied. This reuse and revision approach tries to identify the difference between the 

problem part of compared cases, and then update the retrieved solution based on previous 

experiences. Lastly, an associated case retention approach is put forward. Apart from the typical 

addition and deletion strategies, the proposed retention approach also concerns to update the 

existed associations and generate new associations for the learned cases. By enhancing each step 

of the CBR loop, the proposed CBR algorithm is able to generate promising decision supports 

with great efficiency and accuracy. 

The third area considers a hybrid decision support mechanism for the AFarCloud platform. 

It is noted that though the improved CBR algorithm can generate a satisfied result for the most 

queries, it may be unable to generate the decision supports when the CBR algorithm fails to 

retrieve a list of similar past cases. Under this circumstance, the decision support system should 

start other registered algorithms to carry on the task. Therefore, for coordinating the interaction 

between various decision support algorithms, a mediator design pattern is adopted in this hybrid 

decision support mechanism. Owing to the design of the mediator component, different decision 

support algorithms do no need to interact with each other directly. Instead, the communication 

work between the algorithm manager and decision support algorithms is handled by this mediator 

component. This hybrid decision support mechanism is verified through a preliminary proof, 

considering the CBR algorithm and an artificial neural network algorithm. The result suggests 

that the hybrid decision support mechanism can enhance the robustness of the overall decision 

support system. 

Lastly, the proposed decision support system, along with the improved CBR algorithm, are 

all verified by simulation. The simulation results demonstrate that the proposal in this thesis is 

effective and achieves better performance than previous works. 

 

Keywords: Smart agriculture, decision support system, decision-making, artificial 

intelligence, case-based reasoning. 
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Resumen 
 

 

    Hoy en día, la alta demanda de alimentos a consecuencia del crecimiento de la población 

mundial está afectando al medio ambiente y ejerciendo muchas presiones sobre la producción 

agrícola. La agricultura inteligente, entendida como un concepto de la gestión agrícola, intenta la 

integración de tecnologías avanzadas, tales como Internet de las cosas, la inteligencia artificial y 

la teledetección, en las prácticas agrícolas actuales, con el fin de aumentar la productividad y 

mejorar la calidad de los productos agrícolas. El núcleo de la agricultura inteligente hace hincapié 

en el uso de los sistemas de información y las tecnologías de comunicaciones en el ciclo de gestión 

de la granja ciberfísica. Sin embargo es difícil que los granjeros puedan aprovechar la información 

recopilada para tomar las decisiones adecuadas. La explosiva cantidad de datos procedentes de 

los sensores, actuadores y redes cuesta transformarla en un conocimiento práctico que resulte útil 

para la administración de las operaciones agrícolas. Por lo tanto, es necesario proporcionar a los 

agricultores un sistema de apoyo a las decisiones agrícolas que les ayude a tomar decisiones 

basadas en la evidencia. 

 El objetivo final de esta tesis es diseñar e implementar un sistema de soporte a decisiones 

dentro de la plataforma Aggregate Farming in the Cloud (AFarCloud). En particular, el sistema 

de apoyo a decisiones propuesto trata de superar los desafíos actuales en este tema. Para lograr 

este objetivo, esta tesis sigue las siguientes tres áreas de investigación. 

 La primera área tiene como objetivo proporcionar una solución general para entregar un 

sistema de soporte a decisiones agrícolas para la plataforma AFarCloud. En esta tesis se presenta 

la propuesta de un marco de referencia para la arquitectura de un sistema de soporte a decisiones 

para la administración de las operaciones agrícolas. Este marco define dos componentes: un 

administrador de algoritmos, y un grupo de herramientas de algoritmos. El primero es responsable 

de configurar los algoritmos de soporte a decisiones que estén registrados, mientras que el 

segundo es capaz de seleccionar un cierto algoritmo de entre los registrados para generar soportes 

a decisiones. El marco propuesto demuestra cómo la agricultura inteligente puede beneficiarse 

del apoyo de un sistema de soporte a decisiones, y por lo tanto, cómo ayuda a los agricultores a 

tomar decisiones basadas en la evidencia. 

 La segunda área se centra en el diseño de un algoritmo de razonamiento basado en casos 

(CBR) para generar soporte a decisiones para los agricultores. Este algoritmo CBR se implementa 

dentro del marco propuesto en la primera área de investigación, en particular, en el grupo de 

herramientas de algoritmos. De acuerdo a su naturaleza el algoritmo CBR se puede dividir en 
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cinco pasos, que incluyen: representación, recuperación, reutilización, revisión y retención. En 

esta tesis, se propone un algoritmo CBR mejorado para superar las deficiencias detectadas en el 

trabajo de investigación. En primer lugar, se presenta la representación formal de los casos 

asociados para mejorar la representación típica del vector de características. La representación 

formal propuesta contiene las asociaciones de similitud y diferencias entre casos pasados, 

permitiendo comparar preferentemente los casos similares posibles. En segundo lugar, se diseña 

una medida de similitud triangular aprovechando las medidas de distancia del coseno y euclidiana. 

Para proporcionar una medición precisa se tienen en cuenta las diferencias al comparar la 

magnitud entre dos vectores N-dimensionales. En tercer lugar, se desarrolla un algoritmo de 

recuperación rápida de casos, que permite obtener una lista de casos pasados similares 

comparando un número menor de casos. En consecuencia, la eficiencia de la recuperación mejora 

a la vez que se garantiza su precisión. En cuarto lugar se estudia un enfoque basado en el 

aprendizaje para la reutilización y revisión de soluciones. Este enfoque de reutilización y revisión 

intenta identificar la diferencia entre la parte del problema de los casos comparados, para 

posteriormente actualizar la solución recuperada en base a las experiencias previas. Por último, 

se presenta un enfoque de retención del caso asociado. Además de las estrategias típicas de 

adición y eliminación, el enfoque de retención propuesto se refiere también a la actualización de 

las asociaciones existentes y a la generación nuevas asociaciones para los casos aprendidos. Al 

mejorar cada uno de los pasos del ciclo CBR, el algoritmo CBR propuesto puede generar soportes 

prometedores para la toma de decisiones, y además hacerlo con gran eficiencia y precisión. 

 La tercera área considera un mecanismo híbrido de soporte a decisiones para la 

plataforma AFarCloud. Se observa que, aunque el algoritmo CBR mejorado puede 

generar resultados satisfactorios durante la mayor parte del tiempo, es posible que no 

pueda generar soportes a decisión cuando el algoritmo CBR no pueda recuperar una lista 

de casos pasados similares. Bajo esta circunstancia, el sistema de soporte a decisiones 

debe iniciar otros algoritmos registrados para llevar a cabo la tarea. Por lo tanto, para 

coordinar la interacción entre varios algoritmos de soporte a decisiones, se adopta un 

patrón de diseño tipo mediador en este mecanismo híbrido de soporte a decisiones. 

Gracias al diseño del componente mediador, los diferentes algoritmos de soporte a 

decisiones no necesitan interactuar entre sí directamente. En cambio, este componente 

mediador maneja el trabajo de comunicación entre el administrador de algoritmos y los 

algoritmos de soporte a decisiones. Este mecanismo híbrido de soporte a decisión se 

verifica a través de una prueba preliminar que utiliza el algoritmo CBR y una red neuronal 



vi 

 

artificial. El resultado sugiere que el mecanismo híbrido de soporte a decisiones puede 

mejorar la solidez del sistema general. 

 Por último, el sistema de soporte a decisiones propuesto, junto con el algoritmo CBR 

mejorado, se verifican por simulación. Los resultados de la simulación demuestran que la 

propuesta en esta tesis es efectiva y logra un mejor rendimiento que los trabajos 

anteriores. 

 

Palabras clave: Agricultura inteligente, sistema de soporte a la toma de decisiones, toma de 

decisiones, inteligencia artificial, razonamiento basado en casos.
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    At first, this chapter presents the importance of decision support in the agriculture domain 

by referring to several successful examples like the Watson Decision Platform for agriculture. 

The research framework is briefly introduced and the problems of applying decision support 

systems to smart agriculture are claimed. For overcoming the detected challenges, the objective 

of this thesis is summarized. Lastly, the structure of this thesis is listed. 

1.1. Decision support and its importance in smart agriculture 

According to the latest statistics from the United Nations Population Division [1], there are 

more human lives on Earth right now than ever before, reaching 7.7 billion, and the number is 

still growing rapidly. Based on the prediction in 2015, the population is expected to reach up to 

9.7 billion by 2050 [2]. A population of this magnitude puts forward a lot of challenges like how 

to increase food productivity, to maintain food quality, to ensure food security, to avoid food 

waste, and so on. In spite of progress made over the last two decades worldwide, there are still 

more than 870 million people suffering from chronic hunger, 171 million under 5 years old are 

chronically malnourished, 104 million are underweight, and 55 million are acutely malnourished 

[3]. 

Meanwhile, natural resources available for agriculture has been incredibly stressed nowadays. 

On the one hand, unused farmlands for cultivation are rare and 25% of farmlands are marked as 

highly degraded due to deforestation, overcutting vegetation, inadequate fallow periods, 

overgrazing, improper crop rotation, unbalanced fertilization, etc. At the same time, near 44% of 

farmlands are rated as slightly degraded. It is a common sense that fewer farmlands may lead to 

lower agricultural productivity [4]. On the other hand, water resources are overused in an 

unreasonable way [5]. Some approaches like precise dripping and irrigation are not widely 

adopted. Frequent water transfers from rivers and lakes have caused critical environmental issues 

like cutting off the rivers and drying up the lakes. 

Boosting the agricultural productivity and allocating natural resources under a reasonable 

manner is not an easy task, but engineers and farmers are working together on creating a 

technological solution: smart agriculture. 

As a farming management concept, smart agriculture [6-8] integrates advanced technologies 

into existing farming practices for the purpose of improving work efficiency and the quality of 

agricultural products. In particular, smart agriculture emphasizes the use of information systems 

and communication technologies in the cyber-physical farm management cycle. Smart agriculture 

is also beneficial for farmers to get rid of heavy labor and resolving repeated tasks. In the 21st 

century, owing to the deployment of sensors, actuators, and networks, farmers have access to a 
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variety of source data, which can be mainly categorized into three groups: environmental, crop-

related, and economic data [9]. It is worth noting that data from all aspects are collected and 

gathered. Under this circumstance, stakeholders may encounter difficulties in transferring this 

explosive amount of data into practical knowledge for managing farming operations. As a 

consequence, platforms like decision support systems (DSSs) are needed in order to assist 

stakeholders in making evidence-based and proper decisions. 

 Some successful examples have illustrated how smart agriculture can benefit from DSSs and 

why decision supports are important for managing farming operations. For instance, the Watson 

Decision Platform for Agriculture was released by the IBM Watson and Weather Company [10]. 

This decision platform integrated IBM’s advanced capabilities in Artificial Intelligence, Internet 

of Things, and Cloud Computing into agriculture. On the one hand, this platform provides a suite 

of solutions that spans the farm-to-fork ecosystem and it is able to analyze any factors which have 

potential effects on the crops. Farmers can obtain crop pictures by deploying unmanned aerial 

vehicles. Then, these pictures are uploaded to the IBM Cloud for further analyses based on 

computer vision algorithms. The analytic results keep farmers updated with health conditions of 

crops. As a consequence, working efficiency and accuracy of detecting crop diseases can be 

greatly improved. On the other hand, owners of large-scale farms can use this platform to estimate 

the price trending in trading markets. Under this circumstance, the time for irrigation, pollination, 

phenology, fertilization, harvesting, and reselling can be precisely controlled in order to obtain 

the maximum profits. It is worth mentioning that the Watson Decision Platform for Agriculture 

concerns various input sources, such as meteorological data (provided by the Weather Company), 

soil data (moisture at multiple depths, nutrient content, fertility, and soil type), equipment data 

(gathered from sensors onboard), workflow data (planting and harvesting dates, fertilizer and 

pesticide application rates, and harvesting outputs), and high definition visual images (collected 

by satellites, drones, and fixed-wing aircrafts). IBM is not the only company who contributed to 

smart agriculture, another company named Prospera [11] took advantage of techniques like 

Computer Vision, Artificial Intelligence, and Cloud Computing for developing a digital farming 

system that can help farmers to analyze data collected from their fields. This digital farming 

system is capable of suggesting the most suitable time for irrigation, fertilization, pollination, and 

harvesting by monitoring the growth rates of crops. Farmers can also be notified when crops are 

infected by any diseases. According to the statistics from Prospera, yield production was 

estimated with 95% accuracy and agricultural productivity was increased by at least 30%. Though 

this system only concerned scenarios in the facility environment and large-scale rows for now, it 

still shows its potential in smart agriculture and further functionalities of this system are expected 

in the near future for providing farmers with adequate suites of solutions. Furthermore, Bazzani 

[12] developed DSIRR, a decision support system for irrigation. DSIRR was more than a 
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normative platform to generate the optimal irrigation suggestions, but also a DSS for exploring 

the trade-off among conflict objectives and offering farmers compromising solutions. It 

considered four categories of data sources, including economic (farm income, profit, and gross 

domestic product), social (public support subsidy and farm employment), water (seasonality, 

consumption, marginal value, and irrigation technology), and environmental indicators (soil 

cover, nitrogen, pesticide, and energy). On the basis of these indicators, a linear model is used to 

assess the trade-off among economic-social-water-environmental objectives. With a user-friendly 

graphical interface, farmers can directly control and monitor irrigation processes. 

 Overall, judging from the above successful examples, it is concluded that the decision 

support system indeed plays a significant role in smart agriculture and it accelerates the 

development paces of smart agriculture from various perspectives. 

1.2. Research framework 

In current literatures, though plenty of attempts have been made for addressing how decision 

support systems can be employed in smart agriculture, this research topic is still pending further 

exploration and discussion. It is acknowledged that DSSs are helpful for smart agriculture, but 

the unwelcome fact is that the use of DSSs has been limited due to some critical issues presented 

in Figure 1 [13]. 

 
Figure 1. Critical issues of employing DSSs in smart agriculture. 

 In Figure 1, following issues have been pointed out by the research community. 

• Farmers seldom have experiences or knowledge of using DSSs. The typical graphical 

interface of DSSs is sometimes not user-friendly and it may be confusing for farmers to 

perform desired operations. 
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• DSS developers may ignore the requirement analyses from the end users, leading to the fact 

that inputs and outputs of DSSs may not fit the farmers’ needs and decision-making styles. 

• The functionalities of current DSSs are limited and task-specific. A DSS may only focus on 

a single perspective. As a consequence, farmers have to use several DSSs to manage all the 

agricultural activities. 

• When generating the advice, current DSSs may miss some fundamental factors, such as 

climate change, soil spatial variability, crop disease, etc. The lack of these considerations 

may result in imprecise outputs from DSSs. 

Under these circumstances, a new European project, named Aggregate Farming in the Cloud 

(AFarCloud) [14], was launched in 2018. This project aims at providing a distributed solution for 

autonomous farming that allows the integration and cooperation of agricultural cyber physical 

systems (CPSs) in real-time for increasing efficiency, productivity, animal health, food quality, 

and reducing farm labor costs. This platform will be integrated with the farm management 

software and support monitoring and decision-making solutions based on big data and real-time 

data mining techniques. The overall view of the AFarCloud platform is presented in Figure 2. 

This platform is composed of the services and applications layer, semantic middleware layer, 

communication layer, hardware layer, and information models. In general, the semantic 

middleware is designed to abstract the heterogeneity and complexity of the underlying hardware 

layer for offering a collection of homogeneous interfaces used by the application layer to access 

the services. Meanwhile, this middleware ensures that all data are stored in the information model 

and provides a publish/subscribe architecture based on the data distribution services (DDS). 

In Figure 2, the decision support system is implemented within the application layer. After 

being fed by the farm modeling utilities, the DSS is able to perform reasoning and suggest the 

actions to be executed. Moreover, the DSS has the capability of configuring personalized 

dashboards to monitor, optimize, and control the farming operations. 
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Figure 2. Overall view of the AFarCloud platform. 

Motivated by one of the goals defined in the AFarCloud project, this thesis tries to find a 

solution for modeling the decision support system for smart agriculture. The DSS will be designed 

to provide thoughtful decision supports during several interrelated stages of the missions, i.e. (i) 

pre-mission data analysis and reasoning; (ii) soft real-time data analysis during a mission, and (iii) 

post-mission data analysis and reasoning. On the basis of historical, current, and predicted data, 

the end users are able to plan and interpret ongoing processes to make appropriate and reasonable 

decisions, as well as analyze the outcome of a mission. Thus, along with adaptive autonomy, 

intuitive interaction, and hierarchical planning, the DSS will support users on the agricultural 

management in an efficient and sustainable way. 

1.3. Problem statements and thesis objectives 

Delivering a decision support system for smart agriculture in the AFarCloud project is the 

ultimate objective of this thesis. However, this is a challenging task because of the problems 

identified as follow. 

Problem 1: Current decision support systems are usually task specific, leading to the fact 

that farmers have to adopt several DSSs to manage farm operations. Meanwhile, few DSSs can 

cover the whole life cycle of agriculture by providing farmers with adequate advice in short-term, 

mid-term, and long-term decision-making activities [15]. Short-term planning should cover the 

tactical day-to-day decision-making activities, such as assigning agricultural tasks to the most 

appropriate machineries, generating the optimal travel paths for each machinery, scheduling daily 
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and weekly irrigation activities, etc. Mid-term planning is supposed to offer seasonal decision 

supports for farmers. For instance, fertilization is typically performed by farmers according to 

their own observations and experiences, usually resulting in imprecise chemical usages and 

causing serious damages to fields and crops. However, with the help of mid-term planning, DSSs 

can provide farmers with detailed solutions about the perfect time to fertilize and the amount of 

chemical applications. In regards to long-term planning, it usually refers to yearly decision 

supports. For example, agricultural machineries surely suffer from wear and gear. After serving 

for months, old and damaged components have to be replaced by new ones. By monitoring the 

status of machineries, DSSs can notify farmers about which machineries are non-operational 

anymore and what components should be replaced. Unfortunately, current DSSs mainly focus on 

short-term planning and lack consideration on mid-term and long-term planning. Therefore, it is 

urgent to integrate more functionalities of DSSs and enrich decision supports throughout the 

whole life cycle of agriculture. 

Problem 2: Uncertainty and dynamic factors do exist in agriculture, but the fact is that few 

DSSs take them into account. Generally, uncertainty and dynamic factors come from the 

following aspects. Firstly, meteorological conditions have a great influence on crop growths. For 

instance, rising temperature may shorten the growth circle of crops. Consequently, fertilization, 

weeding, and harvesting periods should change accordingly [16]. DSSs should take uncertainty 

and dynamic factors of climate change into account for providing farmers with more accurate 

decision supports. Secondly, conditions of farmlands are dynamically changing as well, especially 

soil moisture and remaining nutrition in the fields [17]. A low value of soil moisture requires 

farmers to perform irrigation activities more frequently, while a high volume of nutrition 

remaining in the fields requires farmers to fertilize a fewer amount of manures. Monitoring 

environmental changes is vital because decision supports are generated based on these dynamic 

data. Thirdly, farmers have to handle uncertainty and dynamic factors of economic effects from 

the market [18]. The price of an agricultural product may be affected by several factors like total 

production, logistics, inventory in local warehouses, consumers’ demands, etc. Any changes in a 

single factor may lead to a chain reaction. In conclusion, it is suggested that DSSs should pay 

attention to uncertainty and dynamic factors. 

Problem 3: Re-planning in decision support systems is a challenging research topic. On the 

one hand, unexpected failures and issues may arise from time to time, such as mechanical failures 

of an agricultural machinery and sudden changes in weather. These failures and issues may lead 

to the impossibility of following the original solutions to complete assigned missions [19]. 

Therefore, DSSs should have the capability of adjusting current strategies or generating new ones 

for providing further decision supports for farmers to continue missions. On the other hand, when 
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a mission is being executed, a DSS may detect a better strategy for carrying on the rest of the 

mission [20]. Under this circumstance, the DSS should inform farmers of the latest suggestions. 

By adopting this newly generated solution, farmers can complete the rest of the mission more 

efficiently and smoothly. Conclusively, DSSs are supposed to have a re-planning mechanism for 

updating the decision supports. 

Problem 4: Some researchers intend to develop DSSs that resolve complex problems 

autonomously without any human interventions [21-23]. Unfortunately, current DSSs have not 

reached such intelligent level yet. Due to the limitation of computation capability and complexity 

of agricultural problems, DSSs may provide farmers with inaccurate decision supports, 

sometimes even wrong suggestions. Therefore, agricultural knowledge from experienced experts 

is expected for the purpose of validating the feasibility of given strategies and correcting the 

mistakes in generated solutions [24]. An interactive interface should be provided by DSSs, 

allowing experts to express their knowledge and opinions. By checking generated solutions before 

execution, DSSs are able to lower the possibility of making mistakes. 

Problem 5: Though predictions and forecasts are especially helpful for farmers to get 

prepared in advance, few DSSs take this issue into consideration. Generally, the following three 

types of predictions and forecasts are recommended. Firstly, crop growths depend on multiple 

factors like weather, soil, irrigation, and fertilization. An early estimation on agricultural 

production is helpful for farmers to detect whether certain operations should be performed to 

improve product quality [25]. Secondly, forecasts of climate change enable farmers to adjust crop 

management and avoid unnecessary climatic risks [26]. Lastly, by detecting potential symptoms 

and early signs, DSSs are supposed to warn farmers about possible occurrences of pests and crop 

diseases for helping them to take certain precautions and avoid further losses [27]. 

Problem 6: Strategies of historical missions usually contain valuable information, including 

not only successful experience, but also failure cases. However, current DSSs seldom analyze the 

historical information. A historical strategy is applicable for its corresponding situation. It is 

promising to compare the real-time data with historical ones to generate solutions for current 

missions within a shorter computation time by adopting intelligent algorithms like machine 

learning, deep learning, bio-inspired algorithms [28]. Because similar patterns between historical 

and new datasets may be recognized and matched. Successful experiences in past cases can be 

used as references in performing current agricultural activities. Meanwhile, DSSs can abandon 

useless strategies by judging from failures in past cases. Furthermore, by learning from historical 

information, regular patterns can be drawn and used to predict future circumstances [29]. In 
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conclusion, the efficiency of decision-making and quality of generated decision supports can be 

significantly improved by performing analysis on the historical information. 

Problem 7: A DSS usually contains a huge amount of information, some of which are 

classified. Since decision-makers uses this information as a basis when making decisions, the 

information sent to the DSS should be reliable. Otherwise, it might have disastrous effects. In 

general, three categories of security issues should be considered when delivering a DSS. First, the 

basic threat is in regard to data loss, which means that parts of the database can no longer be 

retrieved. This could blame on the physical damage to the storage medium, human error, or 

hardware failures. Second comes to the unauthorized access. Computer hackers may develop 

sophisticated methods to obtain data from the databases and then use them for personal gain or 

harm others. Third, security issues in a DSS should concern the attack from viruses and other 

harmful programs. For tackling the above three security issues, the use of firewall, encryption, 

and passwords are strongly recommended. 

For tackling the seven problems detected above, the following sub-goals are defined in order 

to achieve the objective of this thesis step-by-step. 

Sub-goal 1: Investigating and analyzing the requirements of smart agriculture.  

Sub-goal 2: Surveying the current state of the art of decision support systems for smart 

agriculture. In particular, reviewing existing technologies and selecting the appropriate ones for 

this thesis. 

Sub-goal 3: Reviewing the selected technologies for identifying any shortcomings that this 

thesis can supplement and any improvements that this thesis can contribute to. 

Sub-goal 4: Presenting a general framework of the decision support system for smart 

agriculture and clarifying how the proposed decision support system serves within the AFarCloud 

project. 

Sub-goal 5: Proposing a specific solution for designing and implementing the decision 

support system based on the selected technology with improvements. 

Sub-goal 6: Implementing and validating the proposed decision support system for smart 

agriculture within the AFarCloud project. 

1.4. Research contributions and thesis structure 

The contributions of this thesis can be summarized as follows. 
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• Proposal of a decision support system framework for smart agriculture. As a general solution, 

this framework is able to provide farmers with a complete set of decision supports for 

managing farming operations. 

• Within the proposed framework, a decision support algorithm is designed by employing an 

improved case-based reasoning approach. 

• An associated case representation formalism is presented for defining agricultural cases. 

Differing from the typical feature vector representation, the proposed representation 

formalism pays attention to the interrelations between cases. 

• A triangular similarity measure is proposed for providing a more accurate retrieval result, 

overcoming the shortcomings of typical approaches like cosine and Euclidean distance 

measures. The proposed measure takes the angles, magnitudes of compared vectors, their 

magnitude difference, and feature weights in each vector into account. 

• A fast case retrieval algorithm is implemented by taking advantage of the proposed associated 

case representation formalism. Instead of traversing the whole case base for identifying the 

most similar past case, this fast case retrieval algorithm compares associated cases 

preferentially, leading to higher retrieval efficiency. 

• A learning-based adaptation strategy is designed by taking advantage of hidden adaptation 

knowledge in the case base, instead of relying on pre-set and refined rule sets. 

• A new case retention approach is proposed. Apart from the typical addition and deletion 

strategies, the proposed retention approach also takes updating the association of past cases 

into account. 

• A hybrid decision support mechanism is proposed to supplement the weakness of the case-

based reasoning approach. A mediator component is integrated in this hybrid mechanism for 

coordinating the communication between different decision support algorithms. 

The rest of this thesis is organized as follows. 

Chapter 2: The background of the study involved in this thesis is introduced, including the 

historical evolution of agriculture. Meanwhile, the current state of decision support systems and 

the case-based reasoning approach is reviewed for detecting any potential improvements. 

Chapter 3: The framework of the decision support system for smart agriculture is proposed 

in this chapter, providing an architectural view of the system. The components involved within 

the proposed framework is described in detail. 

Chapter 4: Contributions of this thesis towards the case-based reasoning approach are 

explained in this chapter. Firstly, the associated case representation formalism is described. 
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Second comes to the triangular similarity measure. Thirdly, the fast case retrieval algorithm is 

presented, following by a learning-based adaptation strategy for solution reuse and revision. 

Lastly, an associated case retention approach is proposed for completing the case-based reasoning 

loop. 

Chapter 5: The hybrid decision support mechanism is introduced in this chapter, as well as 

a preliminary analysis on this proposal proves its feasibility and effectiveness. 

Chapter 6: This chapter shows the detailed implementation of the decision support system, 

including each step (retrieve, reuse, revise, and retain) within case-based reasoning loop. The 

hybrid decision support mechanism is also validated through experiments. 

Chapter 7: The contributions of the thesis are highlighted in this chapter. Meanwhile, future 

work is discussed for further consideration. 
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This chapter presents the background of the research. The evolution history of agriculture is 

analyzed, dating from Agriculture 1.0 to 4.0. Meanwhile, the state of the art of decision support 

systems is reviewed. The merits and demerits of both optimization-based and reasoning-based 

systems are compared. Based on the review result, the case-based reasoning approach is selected 

for modeling the decision support system in this thesis, therefore, the current state of the case-

based reasoning approach is surveyed for detecting any space of potential improvements. 

2.1. Evolution history of agriculture 

Human beings began to cultivate lands and breed animals to obtain food for survival 

thousands of years ago. This practice, known as agriculture, is the key development in the rise of 

sedentary human civilization. Generally, agriculture has evolved following a long-term and 

progressive process, going from Agriculture 1.0 to 4.0 [30]. 

2.1.1. Agriculture 1.0 to 3.0 

Agriculture 1.0 refers to the traditional agricultural era, dating back to ancient times. It 

mainly relied on manpower and animal forces. In this stage, though simple tools like sickles and 

shovels were used in agricultural activities, humans still cannot get rid of heavy manual labors, 

so productivity remained at a low level [31]. Until the 19th century, steam engines were improved 

and widely used to provide new powers in all walks of life [32]. It came to the era of Agriculture 

2.0 when various agricultural machineries were operated by farmers manually and lots of 

chemicals were used. Obviously, Agriculture 2.0 significantly increased efficiency and 

productivity. Nevertheless, this substantial improvement brought harmful consequences as well, 

such as field chemical contamination, destruction of ecological environment, excessive 

consumption of powers, and waste of natural resources. In the 20th century, Agriculture 3.0 

emerged from the rapid development of computers and electronics. Computer programs and 

robotic solutions allowed agricultural machineries to perform farming operations efficiently [33]. 

Before the problems left in Agriculture 2.0 went too far, strategies were adjusted in Agriculture 

3.0. The reasonable work distribution to agricultural machineries was able to reduce the use of 

chemicals and improve the precision of farming operations. 

Though Agriculture 2.0 relieved the burden of human labors and Agriculture 3.0 could assist 

farmers in managing farming operations efficiently, further developments are still expected in the 

era of Agriculture 4.0.  



14 

 

2.1.2. Agriculture 4.0 

The technological innovation is not new to agriculture. Various advances, such as Internet 

of Things, Big Data, Artificial Intelligence, Cloud Computing, and so on, have the potential to 

change agriculture beyond recognition, and hence shifting towards Agriculture 4.0 [34]. 

In 2013, the German government firstly proposed Industry 4.0, known as the fourth industrial 

evolution [35]. Two years later, Agriculture 4.0 was defined and quickly drew attention from 

worldwide researchers [36]. Four main requirements were put forward and listed as follows. 

• Increasing productivity: The population growth and shortage of food will consequently boost 

the demand for agricultural production. Meanwhile, people’s diet is changing as well, mainly 

reflected in demanding for high-value animal protein and high-quality vegetables. 

Furthermore, with the development of urbanization, various infrastructures and buildings 

would take place of farmlands [37]. 

• Allocating resources reasonably: Natural resources are incredibly stressed nowadays. 

Firstly, unused farmlands for cultivation are rare and 25% of farmlands are marked as highly 

degraded due to deforestation, overcutting vegetation, inadequate fallow periods, and so on 

[38]. Secondly, water resources are overused in an unreasonable way [39]. Frequent water 

transfers from rivers and lakes are causing serious environmental problems. Third comes to 

inefficiency of the agricultural machinery deployment due to improper work distributions. A 

large amount of energy resources is consequently wasted [40]. 

• Adapting to climate change: Climate change has been greatly affecting the farming 

operations. One of the main factors which leads to climate change is manmade emissions of 

greenhouse gases (GHGs). The side effects of climate change result in frequent occurrences 

of droughts, floods, and extreme weather conditions [41]. Additionally, agricultural 

productions are especially vulnerable and sensitive to the impacts of climate change [42]. 

Lack of efforts in adapting to climate change will cause an increase in uncertainty about food 

quality, accessibility, and utilization. 

• Avoiding food waste: Food waste comes from each stage of the agricultural life cycle, 

including producing, delivering, marketing, etc. Firstly, due to the overuse of chemicals, lack 

of pest management, and ignorance of climate change adaptation, agricultural products may 

become contaminated and unqualified [43], leading to food waste and damage to farmlands. 

Secondly, the world shares a globalized supply and marketing system [44]. However, food 

delivery is time-sensitive, meaning that inappropriate decision-making about delivery 

strategies may cause food waste. Thirdly, wasted food is harmful to the environment. Re-
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cycling and processing wasted food may even consume more resources than producing new 

ones [45]. 

For tackling the above requirements, some successful demonstrations haves illustrated how 

Agriculture 4.0 can benefit from the technological applications. For instance, Ferrandez-Pastor et 

al. [46] developed a low-cost sensor and actuator network platform by taking advantage of 

Internet of Things. This platform aimed at optimizing production efficiency, increasing food 

quality, minimizing environmental impacts, and reducing the use resources like energy and water. 

Das and Jain [47] proposed to use an analysis algorithm over the big dataset for identifying the 

optimum growing technique for multiple cropping. In their research, they concluded that the 

combination of smart farming and the big data technique can generate the most well-analyzed 

results and the complex patterns which are not perceivable to humans. These results and patterns 

can provide the optimum use of farming resources under the given constraints. Liakos et al. [48] 

explored the current state of machine learning techniques in agriculture. They drew a conclusion 

that the real-time artificial intelligence technique could enable computer programs to generate 

adequate recommendations and insights for supporting farmers to make proper decisions. Lopez-

Riquelme et al. [49] presented a precision agricultural application on the basis of FIWARE cloud. 

This application was able to reduce the amount of water for irrigation tasks. Thus, their work 

demonstrated that using FIWARE cloud services in the agronomic context was highly beneficial. 

2.1.3. Summary of agricultural evolution 

In general, the evolution history of agriculture can be summarized in Figure 3. 

 

Figure 3. The evolution history of agriculture. 
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Agriculture is undergoing a new revolution supported by various smart technologies. In 

Agriculture 4.0, the key features emphasize on the concept “smart”, in particular, smart systems 

and devices. For instance, replacing human labor with smart robotics is a growing trend across 

multiple industries, and agriculture is no exception [50]. Autonomous vehicles like unmanned 

aerial vehicles (UAVs) and unmanned ground vehicles (UGVs) will be deployed in the fields for 

performing agricultural operations, including seeding, planting, weeding, spraying, harvesting, 

etc. On the basis of various collected data, a swarm of smart robots is able to work together under 

a cooperative manner. Meanwhile, farmers are in the position of monitoring the working status 

through portable devices like tablets and mobile phones. 

It is worth noting that smart systems and devices count on collected information for 

performing operations. In Agriculture 4.0, various data sources are gathered [51], such as 

environmental data (i.e. meteorological condition and soil condition), crop-related data (i.e. 

growth and disease), economic data (i.e. reselling and logistics), and so on. Obviously, 

transferring this explosive amount of raw data into practical knowledge is a challenging task for 

farmers. Therefore, platforms like decision support systems and expert systems (ES) are needed 

for assisting farmers in making evidence-based and precise decisions. 

2.2. Review of existing decision support systems 

Regarding the definition of a DSS, many researchers have described this term from various 

viewpoints. In 1980, Jones [52] described this term “decision support system” as “a computer-

based support system for decision makers who deal with semi-structured problems to improve the 

quality of decisions”. Sheng and Zhang [53] defined it as “a human-computer system which is 

able to collect, process, and provide information based on computers”. Terribile et al. [54] 

explained it as a smart system that provides operational answers and supports decision-making 

activities to specific demands and problems based on collected data. Yazdani et al. [55] 

considered it as “a specific class of computerized information system, enabling to manage 

decision-making activities”. Fontana et al. [56] indicated that “a decision support system was 

conceptually developed to support the decision makers to classify the activities into core and non-

core competencies, and to establish their outsourcing relationship”. Judging from the above 

definitions, it is concluded that a decision support system in the context of agriculture is a human-

computer system which utilizes data from various sources, aiming at providing farmers with a list 

of feasible advice for supporting their decision-making activities under different circumstances. 

One of the most representative characteristics of a DSS is that it does not give direct instructions 

nor commands to farmers. Because farmers are in the position of taking the final decisions. A 

general framework of a DSS is presented in Figure 4.  
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Figure 4. A general framework of decision support systems. 

 In Figure 4, for solving the agricultural problems, agricultural data should be collected in the 

first place, including historical, current, and predicted data. When gathering these data, it is 

necessary to consider the constraints of monitored objects like their availability, coverage, 

resolution, accuracy, frequency, etc. Secondly, collected data are treated as inputs to specific 

models like crop, irrigation, and production estimation models. Additionally, the requirement of 

data types and the necessity of human interventions should be concerned. Thirdly, a set of advice 

for tackling agricultural problems is generated based on computational results. During the 

computing process, external factors like social reactions, economic effects, and environmental 

changes should be taken into account. Finally, the generated solutions are displayed to farmers 

for supporting their final decisions. By adopting these solutions, farmers are supposed to carry on 

farming operations with the minimum investment and the highest economic benefit. 

According to the tools that DSSs adopt in Figure 4, DSSs can be mainly categorized into two 

groups, named optimization-based and reasoning-based DSSs. These two groups of DSSs are 

reviewed in the following sub-sections. 

2.2.1. Optimization-based DSSs 

As a mathematical procedure, optimization is a collection of principles and methods used to 

solve quantitative problems [57]. The purpose of optimization is to achieve the best design relative 

to a set of prioritized criteria or constraints which include maximizing factors like productivity, 

efficiency, profitability, etc. 
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This group of DSSs takes advantage of optimization methods like gradient descent [58], 

stochastic gradient descent [59], gradient ascent [60], Newton’s method [61], quasi-Newton 

method [62], conjugate gradient [63], and heuristic optimization methods [64]. The research 

community has contributed to a lot towards optimization-based DSSs in the context of agriculture. 

Lenka and Mohapatra [65] proposed an optimization technique to train a neural network 

pattern classification algorithm by adopting gradient descent. Their algorithm was tested for 

predicting soil moisture content one hour in advance. Georgiou and Papamichail [66] tried to 

maximize the total farm income by using the simulated annealing global optimization stochastic 

search algorithm in combination with the stochastic gradient descent algorithm. Their model was 

proved to be applicable as a decision support tool for irrigation scheduling. Manimuthu et al. [67] 

presented the application of Newton-Raphson algorithm in combination with the pulse width 

modulation bridge to characterize the energy cost associated with locomotion gaits, providing 

robots with the optimal area coverage strategy for agriculture harvesting. Pornprakun et al. [68] 

explored the optimal harvesting policies for sugarcane by using an epsilon-constraints method 

and a quasi-Newton optimization method. The generated result was able to assist farmers in 

determining the optimal harvesting time with the maximum profits and the minimum harvesting 

cost. Goit et al. [69] optimized the control of power extraction in a wind farm by employing a 

conjugate gradient method. The experimental result demonstrated that the energy extraction was 

increased 7% by adopting the optimal control strategy. 

Some other DSSs adopted heuristic optimization methods as the optimization tool. These 

methods include simulated annealing (SA), genetic algorithm (GA), ant colony optimization 

(ACO), and particle swarm optimization (PSO). 

Brown et al. [70] proposed the Canterbury irrigation scheduler as an innovative on-farm 

irrigation scheduling decision support method under the circumstance of limited water availability. 

SA was used to optimize a set of decision variables and generate the optimal irrigation strategy 

that maximized the expected future farm profit. Borge et al. [71] also took advantage of SA and 

integrated it within a decision support system for assessing the impact of changes in prices and in 

agricultural policy on land use patterns and on forestry. A case study in the region of southern 

Portugal proved the usefulness and relevance of their proposal. Kong et al. [72] presented a 

mathematical optimization model to bring real-time data and information to precision decision-

support and to optimize short-term farming operation. Their result suggested that the tailored GA 

enabled rapid solution searching, however, the solution quality cannot be guaranteed. Muleta and 

Nicklow [73] developed a DSS by associating GA and a watershed simulation model, aiming at 

identifying the optimal or near-optimal land use patterns. In their proposal, GA was linked with 
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the US department of agriculture’s soil and water assessment tool (SWAT) for single objective 

evaluations. Chaudhuri et al. [74] implemented the ACO algorithm for forecasting the amount of 

summer monsoon rainfall for the next day over Kolkata, India. Compared with the forecast 

generated by a Markov chain model, their proposal achieved greater accuracy. Sung et al. [75] 

used ACO for aggregating agricultural data from various sensors. The computational simulations 

verified that the proposed algorithm was able to remarkably extend the life cycle of sensor nodes, 

and hence to provide continuous data sources for decision support systems. Fereidoon and Koch 

[76] presented a complex coupled simulation-optimization tool, SWAT-LINGO-MODSIM-PSO, 

to detect the future optimum cultivation area of crops for maximizing the economic benefits in 

southwest Iran. In their proposal, PSO was used to adjust the cultivation areas of different crops, 

taking into account their specific prices and the optimal crop yields under water deficiency. Barak 

et al. [77] applied a multi-objective PSO algorithm to analyze management system of an 

agricultural production. A case study in Kerman province was considered and the average 

greenhouse gas emissions in watermelon production was reduced by about 30%, therefore their 

proposal was proved to provide promising modelling and optimization results. 

More research works on optimization-based DSSs can be found in [78-95]. In general, the 

applications of current optimization-based DSSs support the farming operation in various fields, 

including irrigation, fertilization, harvesting, cropping, etc. Meanwhile, these DSSs are able to 

partially serve Agriculture 4.0 by increasing productivity, allocating resources reasonably, 

adapting to climate change, and avoiding food waste. 

Though some of the above research works are not strictly DSSs, researchers mentioned them 

as “planning tool”, “decision-making tool”, “optimization model”, “optimization method”, 

“multi-objective programming”, “multi-objective optimization”, or “optimal scheduling tool” 

instead. However, these proposals indeed have great potential to be integrated within DSSs, no 

matter how researchers named them, their nature is to provide farmers with decision supports. For 

instance, the prediction of soil moisture content in [65] can be treated as an input to a DSS for 

assisting farmers in scheduling irrigation activities. The optimal area coverage strategy generated 

in [67] is able to provide farmers with decision supports on distributing harvesting tasks to the 

most appropriate agricultural machinery, and hence to improve harvesting efficiency. The 

selection of the optimal cultivation area of crops in [76] also enables decision supports on 

cropping for farmers. The output of the optimization model in [81] can provide farmers with 

advice about how to maximize the operating profit and organic matter balance, as well as to 

minimize the labor requirement and soil nitrogen losses. The method developed in [85] is 

applicable for providing decision supports on enhancing food availability and reducing the 
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environmental impact of agriculture. Consequently, the above research works are all considered 

being developed within the DSS context for smart agriculture. 

The merits and demerits of optimization-based DSSs will be discussed in Section 2.2.4, as 

well as its comparison with reasoning-based DSSs. 

2.2.2. Reasoning-based DSSs 

As a popular technique in Artificial Intelligence and knowledge-based systems, reasoning 

[96] is a process of generating conclusions from the available information by using logical 

techniques. It has various applications, including scheduling, problem solving, complex event 

processing, predictive analytics, etc. Some typical reasoning approaches are listed as follows. 

• Case-based reasoning (CBR) [97]: CBR refers to the process of solving new problems based 

on the solutions of similar past problems. It is not only a powerful method for computer 

reasoning, but also a pervasive behavior everyday human problem solving. 

• Rule-based reasoning (RBR) [98]: RBR uses an inference engine or a semantic reasoner to 

infer information or take actions based on the interaction of inputs and a rule base (a specific 

type of knowledge base). It follows the match-resolve-act cycle for solving new problems. 

• Evidential reasoning (ER) [99]: ER adopts a belief structure to model an assessment with 

uncertainty, a belief decision matrix to represent multi-criteria decision analysis problem 

under uncertainty, evidential reasoning algorithms to aggregate criteria for generating 

distributed assessments, and the concepts of the belief and plausibility functions to generate 

a utility interval for measuring the degree of ignorance. 

Some latest contributions to reasoning-based DSSs are summarized as follows. Though there 

are not so many reasoning-based DSSs applied in the context of smart farming, DSSs proposed 

in other fields can also inspire the design of agricultural DSSs. Thus, DSSs from all the fields are 

included in the following review, as long as they are related to decision support and decision-

making. 

CBR DSSs 

Rong and Li [100] described a web-based CBR system for fish disease diagnosis. Instead of 

depending on general domain knowledge, their proposal utilized knowledge of previous cases and 

solved new problems by hunting out a similar past case and reusing its solution for tackling the 

new problem. Car and Moore [101] improved CBR with a novel interface, allowing users to select 

case parameters that interest them for case comparison. The updated CBR was tested within 

Australian irrigation cases and presented promising results. Padma et al. [102] implemented an 
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intelligent decision support system (IDSS) for detecting pest and disease in an apple orchard. 

Their proposal adopted CBR and a database technology within a web-based client server 

architecture. The accuracy of decision-making processes achieved 90.20% and this IDSS was able 

to provide significant supports for apple farmers to manage pest practices. Zhu and Yin [103] 

presented a decision support system for managing crop diseases and insect pests on the basis of 

CBR. The ontology data within their framework can be processed for supporting on pest 

prevention and control. The prediction accuracy of their proposal achieved 86.87% in the 

validation. Some DSSs that adopted CBR in other fields (i.e. finance, healthcare, emergency 

response, and industry) can be found in [104-111]. 

RBR DSSs 

Balleda et al. [112] presented a rule-based agricultural system for rice and wheat crop pest 

management. This system facilitated different components, including a decision support module 

and an interactive interface for diagnosis on the basis of responses of the user made against the 

queries related to particular disease symptoms. Naseem et al. [113] proposed a rule-based DSS 

using the semantic web technology. This DSS can collect, store, and update agricultural 

information at a centralized location, and then deliver knowledge through the semantic web, 

providing query services from a agricultural knowledge base. Han [114] adopted a mixed 

reasoning strategy of RBR (as the main reasoning approach) and CBR (as a supplement) for 

constructing an animal disease diagnosis system. This system was able to reduce the rate of 

misdiagnosis and improve the quality of veterinary services. Katsiri and Makropoulos [115] 

implemented an ontology framework for decentralized water management and analytics with the 

objective of improving system availability. RBR was used as an inference tool for obtaining high-

level knowledge (i.e. irrigation scheduling plans). Some DSSs that adopt RBR in other fields (i.e. 

finance, healthcare, emergency response, industry) can be found in [116-123]. 

ER DSSs 

Sun et al. [124] presented a method to map plant functional types (PFTs) from moderate 

resolution imaging spectroradiometer (MODIS) data using an ER algorithm. After utilizing 

MODIS data, multiple lines of evidence computed from input data were then combined using 

Dempster’s rule of combination. Their preliminary result suggested that the multisource ER 

algorithm can promisingly improve the mapping of PFTs. Cohen and Shoshany [125] adopted ER 

in a knowledge-based system for land-cover mapping derived from remotely sensed images. The 

effectiveness of their proposal was verified by the task of crop recognition in a wide 

heterogeneous region in Israel. Jiang et al. [126] developed a fuzzy evidential reasoning approach 

for selecting the optimal submarine power cable routing for offshore wind farms. The decision 
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support was generated by ER, taking into account input variables (after fuzzification) and a belief 

rule base. Sanz [127] applied a dynamic ER approach to crop classification. This proposal allowed 

the incorporation of new evidence for the classifier in order to achieve better accuracy. Two 

decision stages were concerned by calculating the similarity between the maximum support value 

and other supports of the rest of the classes. Some DSSs that adopt ER in other fields (i.e. finance, 

healthcare, emergency response, industry) can be found in [128-135]. 

The merits and demerits of reasoning-based DSSs will be discussed in Section 2.2.4, as well 

as its comparison with optimization-based DSSs. 

2.2.3. Distinctions with expert systems 

Decision support systems are usually compared with expert systems. On the one hand, as 

mentioned in the beginning of Section 2.2, a DSS is an interactive system that helps decision-

makers to utilize data and models for solving unstructured or semi-structured problems. However, 

on the other hand, an ES [136] is a computer-based system that emulates the decision-making 

ability of human experts. A general framework of an ES is shown in Figure 5. 

 

Figure 5. A general framework of expert systems. 

 In Figure 5, three key components are demonstrated, including a knowledge base, an 

inference engine, and a user interface. The process of capturing and transferring information for 

given problems is conducted by human experts and knowledge engineers. The inference engine 

is used to perform reasoning with expert knowledge and users’ queries. Users can both raise 

queries and obtain the inference result through a user interface. A typical application of ESs is its 

employment in the medical fields. For example, Song et al. [137] proposed a data-based 

interactive medical expert system for supporting pregnancy consultations. One remarkable feature 
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of ESs is that the users should have adequate knowledge in the field. In the case of ESs for medical 

applications, users are mainly medical personnel. 

Though both systems aim at improving the quality of decisions, some distinctions between 

these two have to be clarified [138,139], especially in their objectives, users, orientation, etc. A 

comparison table is provided in Table 1. 

Table 1. Comparison for distinguishing DSSs with ESs. 

Characteristics Expert system Decision support system 

Objective 
Replication of human 

experts 

Assistance in decision-

making 

Orientation Expertise transfer Decision-making 

Decision maker System Human 

User 
People with expert 

knowledge  

People without much expert 

knowledge 

Query Machine queries human Human queries machine 

 In general, the objective of an ES is to replicate how human experts would perform reasoning. 

The ES is in the position of taking final decisions and therefore providing users with a list of 

commands or instructions on solving problems. While, the objective of a DSS focuses on 

providing assistance in decision-making activities for users. Under this circumstance, users have 

the right to make the final call after receiving a list of generated advice from DSSs. It is also worth 

noting that ESs and DSSs target to different groups of users. DSSs are more suitable for ordinary 

users who do not have much expert knowledge. 

As a consequence, DSSs are more suitable than ESs for farmers in the context of agriculture. 

2.2.4. Summary of DSSs 

In previous sub-sections (Sections 2.2.1 and 2.2.2), the existing optimization-based and 

reasoning-based DSSs have been reviewed. In this section, their features are further discussed for 

determining which approach is going to be adopted in this thesis. 

By reviewing literatures [65-95], merits and demerits of the optimization-based DSSs are 

summarized as follows. 
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Merits of optimization-based DSSs: 

• Optimization-based DSSs are usually capable of handling low dimensional problems through 

mathematical computations within a short time. 

• Under general circumstance, optimization-based DSSs are able to find the true optimum of a 

response with fewer trials than the non-systematic approaches or the one-variable-at-a-time 

methods. 

• It is acknowledged that optimization algorithms are easy to implement. Meanwhile, 

optimization algorithms are usually compatible with other components within DSSs. 

Demerits of optimization-based DSSs: 

• Few optimization-based DSSs take historical data into consideration. In general, optimization 

algorithms tend to treat the latest data as inputs to the programming models. However, 

historical data undoubtedly contain valuable information, including not only the successful 

experiences, but also failure cases. As a consequence, it seems to be a wise approach for 

smart agricultural systems to take advantage of historical information. 

• For optimization-based DSSs, a complete programming model and a set of objective 

functions has to be constructed beforehand. The performance of optimization-based DSSs 

can be hardly improved because the models and functions are usually fixed during 

optimization. Though extra rules can be inserted to the systems that might be helpful, the 

complexity of DSSs will then increase. 

• Optimization algorithms are usually computationally expensive for dealing with high 

dimensional problems. Because it is not easy to achieve a balance between all the objective 

functions that have conflict with each other. Meanwhile, due to the natural defect of 

optimization algorithms, they may be trapped within a local optimal solution and give up on 

searching for the global optimal ones due to inappropriate initial settings for the parameters 

of optimization algorithms. 

By reviewing literatures [100-135], the merits and demerits of reasoning-based DSSs are 

identified as follows. 

Merits of reasoning-based DSSs: 

• Reasoning-based DSSs usually take historical data into account, especially for those DSSs 

that adopt the case-based reasoning approach. Consequently, new problems may be handled 

by learning from successful historical experiences. It is also worth noting that current and 

predicted data are considered as well. 
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• Compared with optimization-based DSSs, reasoning-based DSSs do not require any 

complete domain models nor objective functions. Reasoning-based DSSs is applicable when 

a domain contains complex information that is difficult or impossible to elicit, as well as the 

system requires constant maintenance. 

• Most importantly, the generation of knowledge is on the basis of inference, not the process 

of mathematical computation. The decision supports provided by reasoning-based DSSs may 

have a chance for improvement with time. Because the coverage in domains will become 

more complete when more source cases are retained in the database. 

Demerits of reasoning-based DSSs: 

• Reasoning-based DSSs highly depends on the structure of information. A well-organized 

collection of information can enhance the performance of reasoning, while unstructured data 

may cause problems during the inference process. 

• Constructing the knowledge base (case base / rule base) might be a challenging task. For 

example, for DSSs that adopt CBR, how many cases should be stored, how to remove 

overlapping cases, how to weight features, etc. 

• Transferring a large volume of information into practical knowledge is a time-consuming 

process. The inference time varies in different reasoning techniques. 

In conclusion, though optimization-based DSSs have proved to be effective for solving 

specific agricultural problems and can provide farmers with decision supports to some extent, it 

is determined that optimization approaches may not be suitable for designing a general platform 

for smart agriculture. Instead, reasoning techniques is employed to build decision support systems 

for the AFarCloud project. In particular, the case-based reasoning approach is favored in this 

thesis, as the main technique in the decision support system. Consequently, the current state of 

case-based reasoning is reviewed in the following sub-section. 

2.3. Review of the case-based reasoning approach 

As an important technique in artificial intelligence, CBR is defined as the process of solving 

new problems by matching and adapting cases that have been successfully managed before. By 

mimicking how humans would perform reasoning and learning, CBR seems to be a more 

psychologically plausible model of human reasoning [97]. This unique characteristic makes CBR 

a promising approach for building intelligent systems [140]. Due to its effectiveness and powerful 

reasoning capability, CBR has been applied to various fields, including the domain of agriculture. 
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CBR can be formalized as a 5R circle [141], including the steps of represent, retrieve, reuse, 

revise, and retain. A generic workflow of CBR is presented in Figure 6. 

 

Figure 6. A generic workflow of case-based reasoning. 

In Figure 6, the problem statements are transformed into a new case by a certain case 

representation formalism. Given a target problem, the retrieval process compares the new case 

with historical ones for the purpose of identifying the most similar past case. Generally, a past 

case consists of a problem and its solution, and typically, annotations about how the solution can 

be derived. Afterwards, the solution of this retrieved case is reused to solve the new case. In order 

to perfectly fit the new case, a revision process is required to update the proposed solution. After 

applying the updated solution, the solved case will be stored in the case base for further 

comparisons. 

Therefore, each step (represent, retrieve, reuse, revise, and retain) within the CBR loop is 

reviewed in the sub-sections for detecting any room for improvements when applying CBR to the 

decision support systems for smart agriculture. 

2.3.1. Review of case representation 

Experiences in the CBR systems are stored by the form of cases, thus the representation 

formalism plays a significant role in CBR [142]. Case representation is the task of enabling CBR 
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systems to recognize, store, and process past contextualized experiences [143]. As a fundamental 

element, a system without cases cannot be a CBR system. Case representation in CBR makes use 

of knowledge representation formalisms from artificial intelligence to represent the experiences 

contained in the cases for reasoning purposes. Most importantly, the reasoning capability of CBR 

systems depend on the content and structure of cases. Thus, the main issues [144] in the context 

of case representations are identified as: (i) defining attributes that describe a case, (ii) defining 

the structure that describes the case content, and (iii) defining the organization that manages cases 

in the case base. The research community has proposed a variety of case representation formalism, 

such as the following. 

• Feature vector representation [145]: This representation formalism is also known as the 

propositional representation or attribute-value pair. It is composed of a set of features 

describing the problem and a corresponding solution. An example of the feature vector 

representation is presented in Figure 7 [146]. 

 

Figure 7. An example of the feature vector representation. 

A feature is an individual measurable property or characteristic of an observable 

phenomenon. It can be defined by numeric attributes, strings, graphs, fuzzy variables, etc. In 

Figure 7, apart from the case IDs, a 4-dimensional vector is used to reconstruct phylogenetic trees. 

These features characterize the relative difference of biological sequences. In this example, 

“Name”, “Species”, “Accession no.”, and “Length” are the key features to determine the 

commonalities between different cases. 

Due to ease of use and simplicity, the feature vector representation has been adopted by 

researchers from all fields. Asadi and Lin [147] employed the feature vector representation in 
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multi-stage document ranking. This representation not only helped the system to save more 

memory, but also offered greater flexibility. Bringer et al. [148] used the feature vector 

representation for transforming a fingerprint minutiae template into a binary format with a fixed 

length. The experimental result demonstrated that their proposal achieved promising 

improvements for utilization into fast identification algorithms. Svanberg [149] adopted the 

feature vector representation for identifying similar projects in App Inventor. By measuring the 

similarity between projects, original projects can be distinguished from unoriginal ones. Yagi et 

al. [150] proposed an edge-based feature vector representation for a medical image recognition 

system. The robust nature of the feature vector representation was verified through the 

cephalometric landmark identification and expert dentists’ practice. 

Judging from the above literatures, it is well acknowledged that the feature vector 

representation has the merits of simplicity, flexibility, and great robustness. However, there are 

no relationships or constraints between features in this representation formalism. Meanwhile, Due 

to lack of domain knowledge, semantic similarity can be hardly measured. Moreover, if a case 

contains incomplete or ambiguous information, difficulties may be encountered during the 

process of case retrieval. 

• Textual representation [151]: The textual representation method is commonly used in textual 

case-based reasoning (TCBR) systems [152]. As a subfield of CBR, TCBR aims at using 

textual knowledge sources in an automated or semi-automated way for solving problems 

through case comparisons. An example of the textual representation is shown in Figure 8 

[153]. 

 

Figure 8. An example of the textual representation. 



29 

 

In Figure 8, the relevant information is interested in “Names and Roles” and factors like 

“Security Measure”, “Disclosure-In-Negotiations”, “Nondisclosure-Agreement”, and “Info-

Known-Competitors”. These pieces of information are extracted from a plain text for further 

processing in TCBR. 

Two research lines were pointed out by Ozturk and Prasath [154]. The first one focused on 

extracting contents of a case from a textual report and populating the obtained knowledge into a 

case base under s structure manner. Chan [155] described a method for extracting the salient 

textual patterns, with consideration of moving away keywords and their associated limitations in 

textual information retrieval. Cardenosa et al. [156] presented a new approach for describing 

contents through the use of interlinguas for facilitating the extraction of specific pieces of 

information, highlighting the different dimensions of a document and how these dimensions 

defined the capacities of their respective contents in the scalable process of finding information. 

Angelova [157] discussed the role of domain knowledge in extracting structured information from 

patient related texts. The prototype system was proved to be effective for providing an ontological 

framework for information extraction tasks. The second research line concentrated on retrieving 

knowledge from free texts without converting them into structured cases. Cohen [158] presented 

WHIRL, a world-based information representation language for integrating data from 

heterogeneous information sources. WHIRL had proved its effectiveness in inductive text 

classification. Chan [159] proposed a novel textual information extraction method which was 

beyond purely keyword-based method. Instead of detecting specific keywords or cue-phrases to 

evaluate the relevance of the sentence, the proposed method focused on identification of the main 

factors in the textual continuity. Buranasing and Phoomvuthisarn [160] introduced a word vector 

representation method for information extracting from cultural heritage data sources by 

identifying named entities and determining the semantic relation triples and position tags. 

A major advantage for adopting the textual representation is that it can handle both semi-

structured and unstructured documents. This representation method is sufficient when the amount 

of information is not too extensive. However, it is noted that textual cases are usually presented 

by plain text, resulting in difficulty for CBR systems to understand the information within cases. 

Meanwhile, the textual representation is domain specific and it requires knowledge engineers to 

determine which features are relevant in the target domain. As a consequence, the retrieval 

process is complex. 

• Frame-based representation [161]: Frames provide a natural way for the structured and 

concise representation of knowledge. In a single entity, a frame combines all necessary 

knowledge about a particular object or concept. It organizes knowledge in a slot and describes 
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various attributes and characteristics of the objects. An example of the frame-based 

representation is shown in Figure 9 [162]. 

 

Figure 9. An example of the frame-based representation. 

 In Figure 9, the frame slots are used to represent the characteristics of the object. Each slot 

consists of the slot name and a list of values. This list of values can be a pointer to another frame, 

a descriptive variable or a procedure. 

Yao et al. [163] utilized the frame-based representation to construct cases for ship repair 

problems. CBR was adopted in their proposal for assessing the ship repair risk. Mohamed et al. 

[164] proposed a hybrid rule and frame-based knowledge representation approach to eliminate 

current drawbacks on using both methods separately. Their proposal had the advantage of well-

structured, supporting on a large number of conditions and rules, supporting on complex tasks, 

and great flexibility. Su et al. [165] employed CBR for safety accident pre-control and decision 

making in the construction industry. Within their proposal, the frame-based knowledge 

representation method was adopted to establish the case database from dimensions like slot, facet, 

and facet’s value. Sorenson et al. [166] described a frame-based knowledge representation method 

to construct an adequately-explicit bedside clinical decision support application for ventilator 

weaning. They concluded that frames for knowledge representation were advantageous because 

they can be created, visualized, and conceptualized as self-contairied entities that corresponded 

to accepted medical constructs. 

Concluding from the above literatures, in the CBR terminology, a frame can represent a case 

and each slot is a case feature. As a consequence, cases represented as frames can have semantic 

relationships. As inheritance is an essential feature of the frame-based representation, a hierarchy 
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of cases connected by IS_A and PART_OF relationships can be generated. This case hierarchy 

can enhance the semantic retrieval and adaption operations. The frame-based representation 

method has been formalized by description logics [167,168]. The notion of “cases as terms” 

indicates that viewing structured cases as terms in feature logics enables better understanding in 

case-based reasoning. 

• Object-oriented representation [169]: This representation is a common way of defining 

IS_A, HAS_A, and PART_OF relationships. Cases can be represented by classes and objects. 

A class is a general abstract of a group of similar objects, gathering the general features of 

the group. Usually, a class is formulized by a 4-tuple expression, including (i) the 

identification of the class, (ii) the data structure description, (iii) the concrete implementation 

of operations, and (iv) the unified external interface. An example of the object-oriented 

representation is shown in Figure 10 [170]. 

In Figure 10, two objects are defined, named “Maintenance Report” and “Maintenance 

Activity”. Apart from the variable features, a pointer “Activity Code” links the two objects. 

 

Figure 10. An example of the object-oriented representation. 

 Khan and Chaudhry [171] adopted the object-oriented case representation method and CBR 

in structural analysis. The proposed representation scheme was a step forward in the development 

of a system to be utilized for the time-consuming structural analysis. Marefat and Britanik [172] 

explored the CBR application in process planning. By utilizing the object-oriented representation, 

this application was able to process selection and sequencing to combine the advantages of the 

variant and generative approaches to process planning. Chen and Lee [173] proposed an object-
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oriented representation of program trees. The object serialization technology was used for storing 

and retrieving the syntax trees and program models. In addition, the connection between the 

object-oriented program graph and XML representations was established. Chen et al. [174] 

presented an object-oriented hierarchical case representation for automotive panels in process 

planning. The representation scheme extended the object model in object-oriented modelling 

technology, allowing the CBR system to effectively represent and organize the abundant 

information in the cases. 

 By reviewing the above literatures and [175-177], following advantages of the object-

oriented representation are detected: (i) it provides a clear modular structure for programming. In 

other words, the object-oriented representation is beneficial for defining abstract datatypes when 

implementation details are hidden; (ii) objects can be reused within an across applications. It also 

helps to reduce the cost for development; (iii) the object-oriented representation makes the CBR 

system easier for maintenance. Since this representation is modular, part of the objects can be 

updated without massive changes. However, limitations of the object-oriented representation 

cannot be ignored. For example, since such representation heavily relies on binary relations, it 

might be difficult to represent ternary relations. 

• Ontology representation [178]: Ontology is a formal explicit description of concepts and 

their relations. It attempts to represent entities, ideas, and events, along with their 

interdependent properties and relations, on the basis of a system of categories. Within an 

ontology model, the main components include “Individuals” (instances or objects), “Classes” 

(sets, collections, and concepts of things), “Attributes” (aspects, properties, and features that 

classes can have), “Relations” (in which way classes and individuals are related to one 

another), “Rules” (descriptions of logical inferences), “Axioms” (assertions in a logical 

form), and “Events” (changes of attributes or relations) [179]. An example of the ontology 

representation is shown in Figure 11 [180]. 

In Figure 11, the observer indicates who describes the case, the description clarifies what and 

how the case is described, while the target explains why the case is described. Therefore, the 

concepts of a case in the ontology representation are related by using the properties, like 

“hasObserver”, “hasDescription”, and “hasTarget”. 



33 

 

 

Figure 11. An example of the ontology representation. 

Various research works have contributed to the ontology representation in CBR. Castro et al. 

[181] focused on a homogenous conception of the case base with the aid of the ontology 

representation, trying to simplify case retrieval in case-based reasoning. Their conclusion pointed 

out that cases may be recovered more effectively and efficiently in the initial phase. Xiong et al. 

[182] combined CBR and the ontology representation for modelling an e-government DSS. The 

ontology was used to extract the case knowledge and a similarity algorithm was adopted for case 

retrieval. El-Sappagh and Elmogy [183] took advantage of ontology and fuzzy logic reasoning 

for modelling the knowledge within a case base in the diabetes mellitus domain. The fuzzy 

ontology representation was expected to improve the semantic and storage of CBR knowledge 

base. Zhukova et al. [184] proposed a knowledge-based approach for supporting decision making 

in human resource management by employing CBR and ontology. An algorithm for retrieving 

similar past cases was also designed in their proposal. 

From above literatures, one of the major advantages of applying the ontology representation 

is that by having the essential relationships between concepts built into the concepts, it is possible 

for performing automated reasoning about data. Meanwhile, the ontology representation ensures 
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a common understanding of information and enables to explicit domain assumptions. As a 

consequence, the interconnectedness and interoperability of ontology models make it easier for 

addressing the challenges of accessing and querying in large datasets. Though ontology provides 

an adequate tool for modelling data, its usability surely comes with some limitations as well. For 

instance, data are usually imported from a new source into the RDF triples. It happens that the 

data are structurally inconsistent with the constraints set in the ontology representation. 

Consequently, the new data have to be modified before being integrated with what had already 

been loaded in the triples. 

Summary of review of case representation methods 

After reviewing on the main case representation methods (the feature vector representation, 

the textual representation, the frame-based representation, the object-oriented representation, and 

the ontology representation), a conclusion can be drawn that each representation method has its 

own advantages and disadvantages.  

The choice of a particular representation formalism is largely determined by the information 

to be stored within a case. According to the content and characteristics of agricultural cases, the 

feature vector representation is selected. However, it is noticed that this representation method 

fails to address the interconnectedness between cases. In a case base, each case is stored 

individually. Therefore, inspired from the frame-based representation (the pointer concept), the 

feature vector representation is going to be further developed in this thesis. 

2.3.2. Review of case retrieval 

Case retrieval plays an essential role in CBR systems because the rest of steps (reuse, revise, 

and retain) cannot be further proceed without successfully retrieving similar past cases at the first 

place. Current studies on the case retrieval tasks mainly concern the following two aspects: (i) 

proposals of new similarity measures, and (ii) proposals of new indexing methods. 

Review of similarity measures 

In general, a similarity measure [185] is a function that quantifies the similarity between two 

objects. Usually, a smaller distance means that the compared two objects have more 

commonalities. Similarity measures can be categorized mainly into two groups: (i) angle-based, 

and (ii) distance-based measures. On the one hand, as one of the representative angle-based 

measures, the cosine similarity measure [186] compares two non-zero vectors and calculates the 

cosine angle between them. It evaluates the similarity through their orientation, not magnitudes. 

A smaller cosine angle indicates that compared vectors are more similar. On the other hand, 
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tremendous contributions towards distance-based similarity measures have been made, especially 

the Euclidean distance [187], the Manhattan distance [188], the Chebyshev distance [189], and 

the Hamming distance [190]. The smaller the distance is, the more commonalities the compared 

objects will have. The details of these similarity measures are reviewed in the following. 

• Cosine similarity measure: The cosine similarity calculates the cosine angle between two 

non-zero vectors. It is widely used in case retrieval for CBR due to its simplicity and 

effectiveness. The similarity of images, documents, and numeric values can be measured by 

the cosine similarity because all these data can be represented by vectors. Mathematically, 

the cosine similarity can be formularized in Equation (1) [191]. 

𝑆𝑖𝑚(𝑥, 𝑥′) = cos(𝜃) =  
∑ 𝑥𝑖∗𝑥𝑖

′𝑛
𝑖=1

√∑ 𝑥𝑖
2𝑛

𝑖=1 ∗√∑ 𝑥𝑖
′2𝑛

𝑖=1

                  (1) 

Where 𝜃 is the angle between vectors 𝑥 and 𝑥′. 𝑥𝑖 and 𝑥′𝑖represents the 𝑖𝑡ℎ attribute in the 

vectors 𝑥 and 𝑥′ respectively. The similarity between these two vectors will increase as the 

value of cos(𝜃) increases. 

Hassanien et al. [192] presented an automatic CBR based system for assessing water quality 

according to microscopic images of fish gills and livers. The cosine similarity measure was used 

to identify a small number of cases with the highest similarity from the case base to the query. 

Compared with other similarity measures like Euclidean distance, Canberra distance, and Squared 

chord distance, the proposed system achieved water quality prediction accuracy of 97.9% when 

using the cosine similarity measure. Senanayke et al. [193] combined the fuzzy logic and CBR to 

build an assistive tool for sports trainers, coaches, and clinicians for maintaining athletes’ profiles, 

monitoring their recoveries, and adjusting recovery protocols. The cosine similarity matrix was 

used to retrieve the most similar past cases from the identified cluster. The proposed system was 

verified through a group of healthy and post-operated athletes. The experiment result showed the 

classification accuracy is more than 94%.  

• Euclidean distance: The Euclidean distance, also known as the Euclidean metric, calculates 

the straight-line distance between two points in the Euclidean space. It has been usually 

employed to measure the similarity of numeric, interval, and fuzzy variables. The formula of 

the Euclidean distance is defined in Equation (2). 

𝐷𝑖𝑠𝑡(𝑥, 𝑥′) = √∑ (𝑥𝑖 − 𝑥𝑖
′)2𝑛

𝑖=1                      (2) 
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Where 𝐷𝑖𝑠𝑡() is the distance between compared two points, while 𝑥𝑖 and 𝑥′𝑖 represents the 

𝑖𝑡ℎ attribute in the vectors 𝑥 and 𝑥′ respectively. The similarity between these two points will 

increase as the value of 𝐷𝑖𝑠𝑡() decreases. 

Rahman et al. [194] presented a retrieval-based decision support system for dermatoscopic 

images. The similarity between feature vectors was calculated by Bhattacharyya and Euclidean 

distance. Both measures were integrated into a single similarity matching function for image 

retrieval. The experimental result showed that the combined similarity measure was able to 

retrieve correct images, leading to an improvement in diagnostic accuracy. Kwon et al. [195] 

evaluated the performance of distance measurement methods for construction noise predictions 

by using case-based reasoning. Euclidean distance was employed to measure the shortest line 

segment between two points in Euclidean space for case retrieval. 

• Manhattan distance: The Manhattan distance in N-dimensional space is the sum of the 

lengths of the line segments between two points onto the coordinate axes. The formula of the 

Manhattan distance is defined in Equation (3). 

𝐷𝑖𝑠𝑡(𝑥, 𝑥′) = ∑ |𝑥𝑖 − 𝑥𝑖
′|𝑛

𝑖=1                       (3) 

Where 𝐷𝑖𝑠𝑡() is the distance between compared two vectors, while 𝑥𝑖 and 𝑥′𝑖 represents the 

𝑖𝑡ℎ attribute in the vectors 𝑥 and 𝑥′𝑖 respectively. The similarity between these two vectors 

will increase as the value of 𝐷𝑖𝑠𝑡() decreases. 

 Li and Sun [196] adopted the CBR approach to predict business failures. They used 

Manhattan distance for case retrieval. The outputs from the CBR system were then treated as 

inputs to a support vector machine (SVM) model for combinations. The empirical result showed 

that the proposed Multi-CBR-SVM was feasible and effective. Ferreira and Oliveira [197] 

proposed a content-based image retrieval method to provide specialists with decision supports for 

analyzing the margin sharpness. The Manhattan distance was used to calculate the similarity 

between the reference nodule and the image database. The authors detected that the Manhattan 

distance achieved a greater precision than the Euclidean distance in regards to malignant nodules. 

• Chebyshev distance: The Chebyshev distance is defined as the greatest difference between 

two compared vectors among any coordinate dimensions. The formula of the Chebyshev 

distance is defined in Equation (4). 

𝐷𝑖𝑠𝑡(𝑥, 𝑥′) = max (|𝑥𝑖 − 𝑥𝑖
′|)                      (4) 
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Where 𝐷𝑖𝑠𝑡() is the distance between compared two points, while 𝑥𝑖 and 𝑥′𝑖 represents the 

𝑖𝑡ℎ attribute in the vectors 𝑥 and 𝑥′ respectively. The similarity between these two vectors will 

increase as the value of 𝐷𝑖𝑠𝑡() decreases. 

Rashid [198] built a CBR-based model for construction cost predictions. The Chebyshev 

distance was considered to measure the similarity between cases. It ensured that relative cases 

can be retrieved rapidly. Mousa and Yusof [199] proposed an improved Chebyshev similarity 

measure in clustering analysis of blood cancer images. The improved measure aimed at 

minimizing the distance between any points and the cluster center of classes. The experimental 

result showed that the proposed measure can generate the smallest objective function value and 

converge at the lowest number of iterations. 

• Hamming distance: The Hamming distance is usually used to measure the similarity of 

strings. The length of strings should be equal. The Hamming distance counts the minimum 

number of dis-matches between two strings. The formula of the Hamming distance is defined 

in Equation (5). 

𝐷𝑖𝑠𝑡(𝑥, 𝑥′) = ∑ (𝑥𝑖 ⊕ 𝑥𝑖
′)𝑛

𝑖=1                       (5) 

Where 𝐷𝑖𝑠𝑡() is the distance between compared two points, while 𝑥𝑖 and 𝑥′𝑖 represents the 

𝑖𝑡ℎ attribute in the vectors 𝑥 and 𝑥′ respectively. The symbol ⊕ represents the XOR operator. 

The similarity between these two vectors will increase as the value of 𝐷𝑖𝑠𝑡() decreases. 

Mustafa [200] improved the Hamming distance by employing a probabilistic approach and 

applied it to quick binary image matching. Compared with other binary image matching methods 

like correlation, sum of the absolute difference, and mutual information, the improved Hamming 

distance measure showed the superiority among others. Zhang et al. [201] detected that the 

traditional Hamming distance measure may be insufficient to evaluate the similarity of binary 

codes, thus they proposed a weighted Hamming distance algorithm to rank the binary codes of 

hashing methods. Extensive experiments were conducted and results demonstrated the efficiency 

and accuracy of the improved measure. 

After reviewing the above similarity measures, their shortcomings are detected as well. These 

measures may generate wrong results under certain extreme circumstances [202-204]. For 

example, the cosine similarity measure does not take vectors’ magnitudes into consideration, thus 

it may have difficulties when meeting the following situation shown in Figure 12. 
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Figure 12. An extreme circumstance when measuring with the cosine similarity. 

 In Figure 12, the target vector is 𝑂𝐴⃗⃗⃗⃗  ⃗ and it is compared with vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗, 𝑂𝐶⃗⃗⃗⃗  ⃗, and 𝑂𝐷⃗⃗⃗⃗⃗⃗ . On 

the one hand, though the angle between them is identical, there exists huge differences between 

their magnitudes. However, due to the same value of the cosine similarity measurement, vector 

𝑂𝐴⃗⃗⃗⃗  ⃗ is considered similar to vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗, 𝑂𝐶⃗⃗⃗⃗  ⃗, and 𝑂𝐷⃗⃗⃗⃗⃗⃗ . On the other hand, the cosine similarity 

between 𝑂𝐵⃗⃗ ⃗⃗  ⃗, 𝑂𝐶⃗⃗⃗⃗  ⃗, and 𝑂𝐷⃗⃗⃗⃗⃗⃗  all equals to one, meaning that these vectors are exactly the same. 

But the fact tells a different story. It is obvious that these three vectors are not the same due to 

their magnitude differences. Thus, it is concluded that the cosine similarity measure may match 

wrong cases in the step of case retrieval in the CBR system. 

 In terms of the distance-based measures, the Euclidean distance also has certain drawbacks 

[205-207]. It may encounter problems when the distances between compared vectors are the same. 

This situation is shown in Figure 13. 
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Figure 13. An extreme circumstance when measuring with the distance-based similarity. 

In Figure 13, the target vector is 𝑂𝐴⃗⃗⃗⃗  ⃗ and it is compared with vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗, 𝑂𝐶⃗⃗⃗⃗  ⃗, and 𝑂𝐷⃗⃗⃗⃗⃗⃗ . 

Though all these vectors have different magnitudes and orientations, the distance between them 

is identical, indicating that vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗ , 𝑂𝐶⃗⃗⃗⃗  ⃗ , and 𝑂𝐷⃗⃗⃗⃗⃗⃗  are all similar to the vector 𝑂𝐴⃗⃗⃗⃗  ⃗ . 

Meanwhile, it is acknowledged that each attribute in an individual vector may offer different 

contributions. However, the Euclidean distance treats all involved attributes equally. Thus, it is 

concluded that the Euclidean distance measure can be further improved to retrieve more accurate 

cases in the CBR systems. 

In regards to the Manhattan distance, the Chebyshev distance, and the Hamming distance, 

they all have the same drawbacks as the Euclidean distance measure. When the distance between 

compared vectors is the same, these measures can hardly tell which vector is more similar to the 

target. 

Review of indexing methods 

As a computational data structure, an index enables a case to be stored and searched in 

memory. Case indexing assigns indexes to cases for facilitation their retrieval [208] and it plays 

a key role in case base maintenance. Many researchers have concerned the indexing issues. 
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Honigl and Kung [209] proposed a data quality index method for maintaining the case base 

and avoiding storing redundant cases. Three indices (average solutions per case, count of similar 

retained queries, and missing values) were used to build an index for evaluating the quality of the 

case base. Wiltgen et al. [210] presented two indexing methods, named functional indexing and 

structural indexing. Both indexing methods generated separate discrimination networks and had 

mechanisms for preventing the network from having duplicate nodes. Similar past cases could be 

retrieved by adopting the indexing methods and similarity measurements. Ahmad et al. [211] 

adopted the locality sensitive hashing (LSH) technique for obtaining short binary codes to 

represent medical radiographs. These hashing codes enabled indexing and efficient retrieval in 

large scale image collections. Durmaz and Bilge [212] proposed an approach named randomized 

distributed hashing (RDH), which used LSH in a distributed scheme. RDH randomly distributed 

data to different nodes on a cluster and used hash functions for indexing. Then the query sample 

was locally searched in different nodes during the query stage. The experimental result showed 

that the proposed distributed scheme had great potential to search images in large datasets with 

multiple nodes. Ahmed and Sarma [213] detected that accuracy of a system degraded with the 

increase of the size of database, therefore an indexing approach was designed to deal with the 

feature deviation under noise. Considering the retrieval task, the proposed indexing approach 

provided a higher hit rate than existing approaches, even at a low penetration rate. 

From the above review on current literatures, it is concluded that indexing methods have 

great influence on case retrieval and case base maintenance. LSH is especially popular in case 

indexing. LSH refers to use a family of functions to map hash data points into buckets [214]. As 

a result, data points that are near to each other will be located in the same bucket with high 

probability, while data points that are far from each other will be likely placed in different buckets. 

This makes it easier and more efficient to identify past cases that are similar to the new one. 

However, LSH does not guarantee the accuracy of classified cases sometimes. For example, two 

similar data points may be separated into different buckets due to the design of hashing functions. 

Thus, improvements on new indexing methods for case retrieval and case base maintenance are 

expected. It is worth noticing that none of above literatures mentioned mining the internal 

associations between past cases. In other words, each case is still individually stored and searched. 

Summary of review of case retrieval 

In conclusion, though current similarity measures and indexing methods have proved to be 

effective in case retrieval tasks in case-based reasoning, they still require further development for 

enhancing the accuracy, efficiency, and robustness of case retrieval. As a consequence, a novel 

triangular similarity measure is proposed in this thesis for overcoming the drawbacks of current 
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measures. Meanwhile, a fast retrieval algorithm is developed for retrieving similar past cases by 

comparing a fewer number of cases. This retrieval algorithm is expected to achieve greater 

efficiency and accuracy. 

2.3.3. Review of solution reuse and revision 

The process of reuse in the CBR 5R cycle concerns to propose a solution for resolving the 

new problem based on solutions of retrieved similar past cases [215]. A CBR system will be 

degraded to a case retrieval system without reusing solutions of previous cases. Reusing a 

retrieved case can be as easy as returning the retrieved solution to the new problem without any 

changes. This strategy is appropriate for CBR applications in the classification tasks where each 

solution is likely represented frequently in the case base. However, it becomes more difficult 

when there are significant differences between the new problem and the retrieved cases. Under 

this circumstance, the process of revising the retrieved solution is required for adaptation purpose. 

This is also the reason why researchers usually concern the issue of solution reuse and revision in 

their research works at the same time. For revision, it can be considered as a situation-action pair. 

The situation part contains the difference between the new and retrieved problems, while the 

action part captures the update for the retrieved solution. In general, three main categories of 

revision methods are summarized [216]: (i) substitution, (ii) transformation, and (iii) generative 

adaptation. 

• Substitution: This revision method simply replaces some parts of the retrieved solution with 

new values if appropriate. Lieber [217] applied the revision theory to CBR for solution 

adaptation. This application claimed to keep as much as possible from the solution to be 

revised, while being consistent with the domain knowledge. Ji et al. [218] improved the cost 

prediction accuracy in multifamily housing projects by employing a CBR revision model. 

Their revisional formula was developed based on directly adjusting the proposed solution. 

The process of revision focused on those data which had great influence on the overall 

objective. Yan et al. [219] presented an attribute difference revision method in a CBR system. 

A support vector regression model was used to detect the difference between the target case 

and similar past cases, and therefore revising the value to generate the new solution. 

• Transformation: This revision method alters the structure of the solution for adaptation by 

adding, deleting, or replacing parts of the retrieved solutions, i.e. altering steps in a plan. Yan 

and Wang [220] proposed a retrieval-based revision method for the CBR classifiers. After 

the reuse step, the target cases and suggested solutions were divided into a trustworthy set 

and an untrustworthy set in accordance with a threshold value of trustworthiness. Cojan and 

Lieber [221] applied a belief revision approach to CBR by defining an adaptation operator 
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that took into account both the domain knowledge and the adaptation knowledge. In 

particular, a rule-based adaptation process was mentioned in their proposal. Ontanon et al. 

[222] explained how revision can be performed by attacking specific parts of a case and how 

they can guide and prevent repentances in future cases. It is also worth noting that some 

researchers employed evolutionary algorithms for solution revision. These research works 

have been found in [223-225]. 

• Generative adaptation: Differing from substitution and transformation, this revision method 

derives the new solution by replaying the method used to derive the retrieved solution, instead 

of directly revising the retrieved solution. Chen et al. [226] proposed a self-adaptive 

mechanism through an incremental generative model, aiming at adapting the system 

architecture to the changing environments and contexts. Hong et al. [227] presented a 

principled way to perform structured domain adaption for semantic segmentation. The 

proposed conditional generator and the discriminator competed against each other, so that 

the generator learned to produce the result. Stuikys et al. [228] introduced a stage-based 

generative learning object model with the capability of automatic generation and adaptation. 

Their proposal shared a similar structure as the two-level generic models. 

The characteristics of the above three revision methods are summarized in Table 2 according 

to the review. 

Table 2. Characteristics of three revision methods. 

Characteristics Substitution Transformation Generative adaptation 

Complexity Low High High 

Adaptability High Medium High 

Extendibility Low High High 

Dependence on 

retrieved solutions 
High High Low 

Applicable scenario Simple Complex Complex 

Solution reuse and revision is a challenging task in CBR. Revision methods like substitution 

and transformation usually update the retrieved solution by reasoning about how the differences 

between the new problem and past cases are reflected in the adaptation process. Meanwhile, the 

generative adaptation method is likely to perform a new reasoning process for providing an update 

solution. As a consequence, the acquisition of adaptation knowledge requires substantial 

engineering efforts in the future.  
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In conclusion, the substitution method is adopted in this thesis for reusing and revising 

retrieved solutions according to Table 2. 

2.3.4. Review of case retention 

Retention is the process of storing the result as experiences in memory (i.e. a case base) [216]. 

A CBR system is supposed to incorporate new useful results, as well as forgetting worthless ones. 

As the last step of the CBR cycle and also the easiest part being ignored, the process of retention 

is not only closely related to maintain the case base, but also has influence on the reasoning 

efficiency and accuracy. Three issues have been pointed out as follows [229]. 

• If a worthless case is added into the case base instead of forgetting it, it may bring harmful 

consequences because noisy cases can lead to difficulties for retrieval tasks. 

• If a useful case is forgotten instead of retaining it, it may weaken the ability of revision in the 

CBR systems. 

• If new cases are continuously added to the case base without adopting a proper retention 

strategy, it may also reduce retrieval efficiency. 

Generally, there are two main strategies adopted in the process of retention, named 

remembering (addition) [230] and forgetting (deletion) [231] strategies. Yan et al. [232] proposed 

an improved dynamic maintenance method for the CBR systems. They imitated the memory 

function of the human brain to selectively save new cases, update the forgotten values, and 

intentionally delete the old cases. These policies were proved to significantly reduce the time and 

space complexity, as well as to improve the accuracy of the CBR classifiers. Yang and Zhu [233] 

addressed the issue of keeping the case base concise and complete by defining a case-addition 

maintenance policy. Their proposal demonstrated that the coverage of the case base computed by 

the case-addition policy is better than the optimal case-base coverage by a fixed lower bound. 

Yang and Wu [234] presented a case base maintenance method that partitioned cases into clusters. 

New case bases can be constructed based on those clusters, resulting in a smaller scale. Therefore, 

case retrieval tasks can be easily performed within the contents of the new case base. Perner [235] 

also took advantage of the clustering theory and introduced case base maintenance method based 

on the approximate graph subsumption. Two strategies were applied, named divide-and-conquer 

and split-and-merge, allowing to better fit the hierarchy to the actual structure of the application. 

Tsang and Wang [236] concerned the issue of removing redundant cases for maintaining the CBR 

systems. Their proposal was on the basis of the generalization capability of cases, aiming at 

identifying representative cases. The experimental result showed the effectiveness of removing 

redundant cases, as well as the ability of preserving a satisfying degree of the accuracy of solutions. 

Salamo and Golobardes [237] introduced different sort-out techniques for case base maintenance. 
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Their proposal was built upon a rough set competence model. The ultimate objective was to 

maintain the competence of the case base and to reduce its size as much as possible. 

In conclusion, it is acknowledged that both addition and deletion strategies play significant 

roles in case retention and case base maintenance. As a consequence, this thesis is going to adopt 

both strategies in the CBR system. Meanwhile, due to the adoption of an associated case 

representation, this thesis also considers the update of these associations when retaining new cases 

in the case base. 

2.3.5. Summary of the case-based reasoning approach 

After deeply reviewing the CBR approach, it is found that each step (represent, retrieve, reuse, 

revise, and retain) within the CBR cycle is under researched. Though current contributions have 

proved to be effective in CBR applications to some extent, their shortcomings cannot be ignored 

and require further improvements. Most importantly, these contributions have provided valuable 

inspirations for developing new design of CBR systems for smart agriculture. For applying the 

CBR approach to model an agricultural DSS, some issues are listed as follows. 

• Case representation: Interrelations between cases are ignored in most case representation 

methods. However, these interrelations not only enrich the content of an individual case, but 

also enable fast case retrieval. Consequently, none of the existing approaches fulfil our 

requirements and a new case representation method is expected. 

• Case retrieval: Current case retrieval algorithms usually intend to traverse all the past cases 

for identifying a list of similar ones, leading to low retrieval efficiency. Meanwhile, current 

similarity measures have natural defect and result in wrong retrieval results. When the 

similarity measurement is the same, it is hard to tell the differences between compared cases. 

Thus, the improvements on proposing new similarity measures are expected. 

• Solution reuse and revision: The acquisition of adaptation knowledge requires substantial 

engineering efforts. Because the solutions of retrieved past cases do not always fit to the new 

problem. Though three main categories of revision methods have been developed, the 

adaptation process varies in the content of problem statements and structures of solutions. As 

a consequence, reusing and revising solutions in the CBR system is a challenging task. 

• Case retention: Though addition and deletion strategies have been well developed, few 

literatures addressed the issue of retaining the learned cases with an associated case structure. 

Proposing a new mechanism for updating the association is necessary as well. 

Lastly, for applying the CBR approach to develop a DSS for agriculture, the seven problems 

stated in Section 1.3 should be also taken into account. 
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3 The framework of 

decision support systems 

for smart agriculture



46 

 

This chapter presents the overview of the AFarCloud platform, as well as how a specific 

domain decision support system serves the AFarCloud platform by integrating an algorithm 

manage component and an algorithm toolbox component. 

3.1. General architecture of the AFarCloud platform 

As the decision support system for smart agriculture is developed within the AFarCloud 

project, it is necessary to understand the architecture of the AFarCloud platform, shown in Figure 

14. 

 

Figure 14. The architecture of the AFarCloud platform. 

The AFarCloud platform consists of three major functional components: (i) the farm 

management system, (ii) the semantic middleware, and (iii) deployed hardware. Apart from these 

functional components, the AFarCloud platform also interconnects with other data sources like 

third-party data and legacy systems databases.  
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3.1.1. The semantic middleware in the AFarCloud platform 

In Figure 14, the semantic middleware is a software layer used to hide the underlying 

complexity of hardware and services in distributed systems. As a consequence, the application 

layers can access resources in a unified way. In the AFarCloud platform, the middleware uses 

semantic models which are specified by an ontology to abstract the heterogeneity of the 

underlying resources and to ensure that all the information is stored according to a common 

information model that guarantees interoperability. 

The semantic middleware acts as a communication centralizer, disseminating messages 

between the farm management system and the hardware layer. The semantic middleware is also 

in charge of unifying, processing, and analyzing the data coming from, or directed to, different 

types of cyber-physical systems deployed in the AFarCloud platform. 

Most of the AFarCloud middleware components are hosted by the cloud infrastructure 

deployed in the project, to take advantage of the features provided by cloud resources. Cloud 

computing is based on the use of remote serves hosted on the Internet to manage infrastructure 

and data, which provides promising benefits like flexibility and scalability in infrastructure design, 

cost reduction, and guaranteed reliability. Other components of the middleware need to be 

deployed at the edge in the facilities of the farm. These components are listed in the following. 

• Image processing platform: Due to the large size of the images processed by this component 

and taken by the UAVs, the loading of these images is carried out offline (i.e. through a 

memory stick), to minimize errors and communication costs in the transmission of files and 

to speed up the loading process. 

• DDS manager: This module is responsible for processing the real-time communication with 

UAVs. Therefore, this module should be deployed as close as possible to the place where 

data are generated, in order to minimize latencies. 

• Data pre-processor: For complex sensors, pre-processing data is helpful to reduce latency as 

data do not have to traverse over the network to the cloud for processing. By only sending 

important data over the network, the edge computing reduces both the data traversing the 

network, the processing time, and the cost of both transmission and storage. For simple 

sensors that do not need pre-processing, it will be done in the cloud. 

The semantic middleware also provides the following interfaces to the rest of elements of 

the AFarCloud architecture. 
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• Interface with the farm management system: 

o Apache Thrift interface: For querying AFarCloud repositories, sending missions to 

vehicles, sending commands to actuators, and collecting mission results, sensor 

measurements, and alarms. 

o Web Map Service (WMS) interface: For retrieving images from the image catalogue. 

o Apache Kafka interface: For the DSS to consume streaming data in real-time and for 

enabling real-time analytics. 

• Interface with the hardware layer: 

o Data distribution service (DDS) interface with UAVs and UGVs: For sending 

commands and collecting results and alarms. The DDS communications are managed in 

real-time. 

o ISOBUS interface with ISOBUS systems: For sending agricultural tasks and collection 

results. 

o MQTT interface with IoT compatible devices: For collecting measurements from 

sensors, sending commands to actuators, collecting telemetry from tractors. The MQTT 

communications are managed in real-time. 

o Representational state transfer (REST) interface with IoT compatible devices: For 

collecting sensors measurements. 

3.1.2. The hardware layer in the AfarCloud platform 

In Figure 14, the hardware layer can be divided into the following categories. 

• Sensors: Multispectral sensor, thermal camera, soil sensor, environmental sensor (i.e. air 

temperature, air humidity, wind, CO2, light intensity, etc.), vehicle data, and so on. 

o Standalone sensors. 

o Collars: Smart neck collars for monitoring cows. 

o Wireless sensor network (WSN): A group of spatially dispersed and dedicated sensors 

for monitoring and recoding the physical conditions of the environment. 

• Actuators: Devices that are responsible for moving and controlling a mechanism or a system. 

Some examples included in the actuator category refer to the air normal temperature and 

pressure (NTP) actuator (for taking filtering actions and improving the indoor air quality), 

water NTP actuator (for bio-stimulating the crop growth), greenhouse rooftop inflator (for 

automatically inflate the roof and protect the greenhouse from rain/hail weather), etc. 

• Ground vehicles (GVs): three different types of GVs are covered by the AfarCloud platform. 
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o UGVs: These vehicles are able to autonomously execute missions defined by the farm 

management system. Missions involve the autonomous movement of UGVs around certain 

areas of the demonstrators. 

o Legacy systems: GVs are able to autonomously execute a list of agricultural tasks 

defined by the farm management system. It is not the goal of those missions to implement 

autonomous navigation (due to the lack of auto-steer abilities of tractors, i.e. marching to a 

waypoint). Two different types of legacy GVs are considered in the AfarCloud platform. 

▪ ISOBUS systems: Legacy GVs are able to semi-autonomously 

execute agricultural tasks carried out by the ISOBUS compliant 

implements of ISOBUS tractors. 

▪ Tractors: Legacy GVs are able to execute and configure specific 

commands and parameters of the CAN bus of the tractors. 

• UAVs: Drones are able to autonomously execute missions defined by the farm management 

system, that consists of a list of commands. Missions involve the autonomous movement of 

UAVs around certain areas of the demonstrators. 

3.1.3. The farm management system in the AfarCloud platform 

In Figure 14, the farm management system (in the green block) is composed of a mission 

management tool (MMT), a decision support system, a system configurator, and applications for 

users to manage and monitor the whole system, plan cooperative missions, configure key 

hardware components, and make decisions. The internal connection within the farm management 

system is shown in Figure 15. The MMT, the DSS, and the system configurator are connected 

through a graphical user interface plugin, while the rest of components communicates with each 

other through the REST interface, Apache Thrift interface, and WMS protocol.  

 



50 

 

 

Figure 15. The internal connection within the farm management system.  

In Figure 15, the farm management system consists of the following components. 

• MMT: The MMT component is used to define the conditions for cooperative missions 

involving UAVs and UGVs ranging from fully autonomous UGVs to ISOBUS systems. The 

various MMT solution will allow the user to access both services in the MMT as well as 

those belonging to the decision support system and system configuration modules. 

Meanwhile, there is a main MMT for the operators to process data, plan a mission, monitor 

a mission, evaluate the results and work with the decision support system, and two specific 

mobile MMT versions for monitoring vehicles’ missions, the UAV-MMT for the pilots of 

the UAVs and the tractor-MMT, dedicated to in-vehicle usage. 

• DSS: The DSS component is employed to assist users in making decisions during pre-

mission, ongoing-mission, and post-mission. 

• System configurator: The system configurator is adopted to configure the AFarCloud 

instance of each farm, to provide for the registration of the farm inventory, such as UGVs 

and ISOBUS systems, UAVs and devices (sensors and actuators), and to perform pre-mission 

status control of the vehicles that are involved in a mission. 

• Applications: The designed applications are supposed to provide users with functions of 

managing and monitoring the whole AFarCloud system. 
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3.2. Specific domain DSS in the AFarCloud platform 

Sustainable agriculture production and processing systems have become more complex with 

involvement of biological, chemical, physical processes, such as soil, water, climatic scenarios 

and crop management practices respectively. A DSS can offer a framework within the complex 

systems. By being represented in a structured way, the complex systems can be more easily 

understood. 

As concluded in Section 2.2, a DSS is an interactive computer-based system that helps 

decision makers who use communication technologies, data, documents, knowledge, and models 

to identify and solve problems, as well as complete decision process tasks. As a general term for 

any computer application, a DSS is supposed to have the ability of improving the decision-making 

process. Over the past 40 years, numerous researchers have conceptualized and classified DSSs 

in three different categories. 

• Passive DSS: A system of aids to decision-making process, however, it cannot carry out an 

explicit decision, suggestion, or solution. 

• Active DSS: A system of aids to carry out an explicit decision, suggestion, or solution. 

• Cooperative DSS: A system that allows decision-makers to modify, supplement, and refine 

the decision supports provided by the system, before sending them back to the system for 

validation. 

In the AFarCloud platform, the DSS is designed as a cooperative one. The main objective of 

the AFarCloud DSS is to gather and analyze available data, which are collected from sensors and 

retrieved from historical datasets. By taking advantage of all the data, the DSS is able to plan, and 

interpret ongoing processes, therefore helping users to make correct decisions, analyze the 

outcome, and finally converting raw data into practical knowledge. Some DSS use cases in the 

AFarCloud platform are concluded as follows, including decision support on pre-mission, 

ongoing-mission, and post-mission. 

• Pre-mission: This refers to the use cases before starting the mission. 
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o Consulting the forecast: In order to keep the integrity of the vehicles and structure, the 

DSS shall consult both the forecast and the current local weather, and then warn the user if 

the safety conditions are met or not (i.e. heavy wind and rain). 

o Listing the programmed missions, the available vehicles, and their state: When 

planning a mission, the user needs to be aware of the pre-programmed missions to prevent 

overlaps. Meanwhile, the number of available vehicles and their state (i.e. battery level) 

should be checked as well. 

o Checking the equipment: Before starting the mission, a set of tests on the vehicles and 

equipment should be performed, in order to ensure their proper functions. Depending on 

the target of missions, the equipment to be tested may vary. The results of these checks 

must be reported to the user. 

• Ongoing-mission: This refers to the use cases when the mission is being executed. 

o Reporting the sensor data: The DSS should continuously report to the users the main 

sensor data for detecting potential problems in real-time in case the automatic algorithm 

failed to do so. 

o Detecting possible problems after processing the gathered data: Whenever some 

problems are detected (i.e. extremely dry area), the user must be warned to take certain 

actions if appropriate. The action might be asking for a more detailed survey. 

o A non-critical sensor stops working: Whenever a non-critical sensor stops working, the 

user should be notified. Then, the user can verify the warning and decide if the mission 

may continue or not without the data from that sensor. 

o The level of battery is not enough to finish the mission: Due to unexpected situations 

(i.e. an abnormal energy consumption), the calculations in pre-mission stage for the battery 

level might fail. If this event is detected during the mission (but the battery is not in a 

critical level), the user may decide either to continue the mission until the vehicle reaches 

the failsafe battery level and return or ask for an immediate return and abort the current 

mission. 

o Reporting the vehicle and mission state: A DSS must provide the information about 

the vital sensors of the vehicles, as well as the current state of the missions. 

• Post-mission: This refers to the use cases when the mission has been completed. 

o Saving the mission parameters: If a mission was successfully completed, the DSS 

should ask to the user if the mission profile is to be saved and used in future operations. 

o Data processing: Although the outputs of each sensor are predefined, the user may ask 

to generate additional outputs (if the corresponding sensors were used during the mission). 

o Downloading/displaying outputs: The user should have the option to download or view 

the outcomes of the mission. 
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o Generating notifications based on the processed data: The DSS may generate a 

mission report, indicating the main outcomes of the mission. Using the previously known 

information, the new data is compared with it and the automatic analysis can be done to 

generate suggestions for future operations. 

3.3. Framework of the AFarCloud DSS 

The framework of the DSS within the farm management system is presented in Figure 16. 

Two main components are involved in this framework, including an algorithm manager and an 

algorithm toolbox. 

• Algorithm manager: This component is in charge of managing the decision support 

algorithms and interacting with users through the MMT. The users can configure available 

algorithms by sending commands like listing registered algorithms, starting an algorithm, 

stopping an algorithm, and checking the status of a running algorithm. 

• Algorithm toolbox: This component registers the decision support algorithms and provides 

the access to the cloud databases and external databases or services. Data retrieved from these 

databases are treated as inputs to the selected algorithm for supporting their computation. 

Under the circumstance that the algorithm fails to provide any results, the algorithm toolbox 

will send an exception to the algorithm manager, asking for any further requests. In general 

cases, the algorithm forwards the results to the algorithm manager. 

 

Figure 16. The framework of the decision support system. 
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In Figure 16, the core of the DSS counts on the algorithms, since the decision supports are 

generated by these algorithms. Based on the characteristics, the algorithms can be classified into 

two categories. 

• Calculation of complex metrics for crop and animal welfare from raw data: Note that these 

complex metrics are useful only if they are solving the right problem and in a way that is 

understood by the users. For example, for calculating the percentage of water stress in crop, 

the metrics should include: (i) soil humidity in several depths, (ii) solar radiation, (iii) amount 

of watering, (iv) amount of rainfall, (v) soil type, etc. 

• Recommendation algorithms: This stage represents the next step after calculating the output 

mentioned above. The goal of the recommendation algorithm is to integrate metrics and 

suggest different alternatives, or solutions to the users, in order to help them reach an 

objective. An example of this recommendation could be when the crops are irrigated 

considering the following: (i) levels of water stress forecasting next days, (ii) low levels of 

disease risk, (iii) expected amount of irrigation, etc. 

It is worth mentioning that data for both types of algorithms are stored in the AFarCloud 

repository. The DSS itself does not store any data, although algorithms could use local 

repositories for their own calculations. 

In conclusion, the DSS framework provides the architectural supports for integrating 

different decision support algorithms with great scalability, interoperability, and robustness. This 

thesis focuses on designing and implementing an algorithm (embedded in the algorithm toolbox) 

by adopting the CBR approach for providing users with decision supports on managing farming 

operations. 
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    As detected in Section 2.3, the typical CBR approach might be insufficient to provide 

accurate results due to the improper case representation method, the imprecise similarity measure, 

the low-efficient case retrieval algorithm, the poor solution reuse and revision strategy, and the 

rough case retention approach. As a consequence, this thesis tries to improve each step within the 

CBR circle for better serving decision support systems in smart agriculture. In the following 

subsections, an associated case representation formalism is proposed for overcoming the 

shortcomings of the feature vector representation. A triangular similarity measure and a fast case 

retrieval algorithm is proposed for improving the efficiency and accuracy of case retrieval. A 

learning-based approach is proposed for solution reuse and revision. Lastly, an associated case 

retention approach is presented for storing learned cases. 

4.1. An associated case representation method 

The proposed associated case representation is on the basis of the feature vector 

representation. Because agricultural cases are usually composed of representative features and 

corresponding values, like soil moisture, soil temperature, air humidity, sunlight and radiation. 

However, differing from the feature vector representation, this proposal extends the “problem-

solution” structure with an additional association part. Consequently, the proposed association 

case representation is under the structure of “problem-solution-association”. 

4.1.1. Generation of the association table 

The association part enables a single case to be interconnected with other relevant cases, 

aiming at mining the relationships between cases. Within a case base, a past case could be similar 

or dissimilar to several other cases. An example of a case base is given in Table 3. This case base 

contains six past cases and each case has four features. After normalization [238], all the cases 

are visualized in Figure 17. 

Table 3. An example of a case base. 

Case ID Feature 1 Feature 2 Feature 3 Feature 4 

case 1 10 103 55 21 

case 2 15 99 79 98 

case 3 11 105 52 22 

case 4 18 60 89 105 

case 5 9 112 60 25 

case 6 16 153 95 44 
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Figure 17. The visualization of six cases in the case base. 

According to the visualization result in Figure 17, it is obvious that case 1 is similar to cases 

3 and 5 because their data deviation is small. Meanwhile, case 1 is dissimilar to cases 4 and 6 

because their data distribution has major differences. This result supports that a past case could 

be similar or dissimilar to several other cases. Consequently, an association table for the case base 

can be constructed in Table 4 and the association connection between each case is presented in 

Figure 18. Each past case is associated with similar and dissimilar cases. 

Table 4. The association table for the case base. 

Case ID 
Similar association Dissimilar association 

1st similar  2nd similar  1st dissimilar  2nd dissimilar  

case 1 case 3  case 5  case 4  case 6  

case 2 case 4  case 6  case 3  case 5  

case 3 case 1  case 5  case 4  case 2  

case 4 case 2  NULL  case 1  case 3  

case 5 case 3  case 1  case 4  case 2  

case 6 case 5  case 3  case 4  case 2  
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Figure 18. The association connection between past cases. 

Apart from the case 4, each past case is associated with two similar cases. Because the 

competence of this case base is insufficient. In other words, this case base does not cover enough 

past cases. However, this situation rarely happens when more cases are retained in the case base. 

In Table 4, two types of associations are defined as follows. 

• Similar association: This association indicates that the features of compared two cases have 

great commonalities. The IDs of these similar cases are stored in the similar association, 

building interconnections to the source case. 

• Dissimilar association: This association specifies that there are significant differences 

between the features of compared two cases. The IDs of these dissimilar cases are stored in 

the dissimilar association. 

This association table is constructed for the purpose of enabling fast case retrieval in the 

retrieval process. In the typical case retrieval algorithm, the new case is evaluating by traversing 

all the past cases in the case base, consequently leading to low retrieval efficiency. However, with 

the help of this association table, the new case has the chance of being compared with the 

associated cases preferentially. For instance, once a new case is reported and the past case 1 is 

treated as the entry-point case for comparison. On the one hand, if this new case is considered 

similar to the past case 1, then cases 3 and 5 are selected for being compared with the new case. 

Because potential similar cases might exist among the similar association of the past case 1. In 
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other words, the similar association offers the possibility of evaluating the similarity between past 

cases within a smaller range, instead of traversing the whole case base. As a result, the number of 

compared cases can be reduced and the retrieval efficiency can be improved. On the other hand, 

if this new case is considered dissimilar to the past case 1, then cases 4 and 6 are selected for 

being compared with the new case. The reason why ignoring the cases in the similar association 

is that there is a very low chance that the desired outputs are cases 3 and 5. However, the cases in 

the dissimilar association might be the target one. Thus, the dissimilar association is able to adjust 

the searching trajectory for the retrieval process and therefore assist the new case in matching a 

similar case as soon as possible. 

4.1.2. Distinction between the association table and other techniques 

It is important to clarify two issues for the association table: (i) the distinction between the 

similar association and LSH, and (ii) the distinction between the dissimilar association, the rough 

set theory, and filtering techniques. 

Firstly, regarding the former issue, as introduced in Section 2.3.2, LSH uses a family of hash 

functions to map data points into buckets. The objective is to classify data points that are near to 

each other into the same bucket, while locate data points that are far from each other into different 

buckets. This is the major difference between the general hashing approach and LSH (See Figure 

19). 

In Figure 19, the general hashing approach simply maps data points into different buckets 

without any consideration of their distances. For example, though blue and yellow points are near 

to each other, they are still grouped in different buckets. However, the blue and yellow data points 

are mapped into the same bucket by using the LSH approach. Under this circumstance, LSH can 

be used for data clustering and nearest neighbor search tasks and it can achieve greater efficiency 

than typical searching techniques. LSH has a wide range of applications, including near-duplicate 

detection (i.e. to deduplicate large quantities of documents and webpages) [239], genome-wide 

association study (i.e. to identify similar gene expressions in genome databases) [240], large-scale 

image search (i.e. to identify similar images for clustering) [241], and audio/video fingerprinting 

(i.e. to extract audio fingerprint for detecting similar songs) [242]. 

However, it is noted that LSH does not guarantee to present the exact answer due to the 

design of hash functions. If two near data points are grouped into different buckets, LSH can only 

retrieve one of them. Meanwhile, LSH does not build any actual relationships between data points. 

Differing from the LSH approach, the similar association built in the proposal establishes real 

connections between past cases. The similar association does not rely on any mapping functions 
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nor indexing techniques. This association is built upon similarity measurements between past 

cases. Therefore, it is guaranteed that similar past cases are connected to each other. 

 

Figure 19. Principles of the general hashing and locality sensitive hashing approaches. 

 Secondly, regarding the latter issue, there is a clear distinction between the dissimilar 

association, the rough set theory and filtering techniques. In case retrieval tasks, the rough set 

theory and filtering techniques are helpful because they can avoid comparing irrelevant cases.  

On the one hand, as an approximation technique, the rough set theory defines the lower and 

upper approximations in the original dataset (See Figure 20). 

 

Figure 20. Principles of the rough set theory. 

In Figure 20, it is shown that a boundary region can be formed by the lower and upper 

approximations, and the rough set theory therefore enables users to have access to the dataset they 

are interested in. Research work on applying the rough set theory to CBR can be found in 

[243,244]. It is worth noting that other regions (marked in yellow in Figure 20) are out of 
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consideration even though they may contain relevant information. In other words, other regions 

can be regarded as the deletion part from the original dataset. Besides, one of the disadvantages 

of the rough set theory is that it is usually applicable to the categorical data. Meanwhile, for 

extracting the data that users are interested in, the approximations have to be defined manually. 

On the other hand, the dissimilar association differs from existing filtering techniques as well. 

Some researchers tried to set a collection of rules to extract desired data [245,246]. These rules 

were defined based on the observation of data and researchers’ own interests (See Figure 21).  

 

Figure 21. Principles of the filtering technique. 

 In Figure 21, three filters are used to classify the data. After each filtering process, irrelevant 

data are removed from the original dataset and the final dataset only contains the desired data. 

However, the major drawback of the filtering technique is that the collections of rules need to be 

defined manually. In particular, the definition of the rule sets varies in users’ requirements. 

 Differing from the rough set theory and filtering techniques, the dissimilar association 

defined in this thesis does not remove nor delete any irrelevant data. The dissimilar association 

aims at building connections between past cases according to the similarity measurements. Owing 

to this connection, the searching trajectory of case retrieval can be adjusted. It is assumed that if 

a new case is dissimilar to a past case, then this new case might be potentially similar to the cases 

that are dissimilarly associated with this past case. A simple example is presented in Figure 22 

for demonstrating why the dissimilar association is helpful in the case retrieval task. In this 

example, the user would like to query about the rice disease from a case base. There are two rice 

diseases in this case base, named “brown spot” (see ① and ② in Figure 22) and “blast” (see ③ 

and ④ in Figure 22). Each image has one similar association and two dissimilar associations. 

 In Figure 22, if the query sample (brown spot) is firstly compared with the stored image ①, 

the similarity measurement will indicate that the compared images are similar, it is a natural sense to 

compare the query sample with the image ② which is similar to the image ①. However, if the query 

sample is firstly compared with the image ④, the similarity measurement will indicate that the 

compared images are dissimilar. Therefore, there is a low chance that the associated similar image ③ 



62 

 

and the query sample have much commonalities. As a consequence, the query sample is going to be 

compared with the dissimilar associations (images ① and ②) of the image ④. Under this 

circumstance, the query sample avoids being compared with the image ③, and therefore to accelerate 

the retrieval task. After retrieving the most similar image, the user will be notified that the result of 

the query sample is “brown spot”. 

 

Figure 22. An example of querying the disease type by using dissimilar associations. 

 It is worth noting that when applying the rough set theory or the filtering technique to the 

above example, images ③ and ④ are usually removed from the original dataset. A boundary region 

(in the rough set theory) or a final dataset (in the filtering technique) is generated for comparison. 

However, the association in the proposal is built between data, no matter they are similar or dissimilar, 

all the data are remained in the dataset. 

4.1.3. Content of agricultural cases 

The content of agricultural cases varies in their applications like pest management, fertilizer 

application, and irrigation scheduling. For instance, an agricultural case of irrigation scheduling 

cares about variables like soil moisture, crop breed, water consumption rate, and required water 

volume [247]. While, an agricultural case of pest management usually takes into account variables 

like pest breed, crop breed, infected area, and previous treatment [248]. 

Judging from the above examples, it is concluded that the general content of agricultural 

cases should contain the following. 
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Firstly, environmental variables usually include soil and meteorological information. 

Environmental variables play a significant role in agricultural cases because these variables can 

affect the growth of plants and operation performances. For example, the rising temperature can 

possibly shorten the growth circle of crops. Agronomists estimate that the growth circle of rice 

will shorten by one more week if the temperature increases by one Celsius [249]. Another 

example may refer to deploying UAVs for performing agricultural tasks. When the wind speed 

reaches over 10 m/s. it is not applicable for launching UAVs due to safety concerns [250]. Thus, 

some key features of environmental variables in agricultural cases are summarized in Table 5. 

Table 5. Key features of environmental variables in agricultural cases. 

Feature category Feature name Content 

Soil variables 

Soil texture 

This variable refers to the determination of the soil 

classes based on their physical texture, including 

clay, silt, very fine sand, fine sand, medium sand, 

etc. 

Soil fertility 

This variable refers to the ability of soil to sustain 

agricultural plant growth. It concerns features like 

soil depth, internal drainage, and concentrations of 

plant nutrients. 

Soil moisture 
This variable refers to the measurement of the 

volumetric water content in the soil. 

Soil temperature 
This variable refers to the measurement of the 

warmth in the soil. 

Soil pH 
This variable refers to the measurement of the 

concentration of hydrogen ions in the soil. 

Organic matter 

This variable refers to the organic matter component 

of soil, such as plant and animal detritus, cells and 

tissues, and substances. 

Meteorological 

variables 

Solar irradiance 

This variable refers to the power per unit area 

received from the sun in the form of electromagnetic 

radiation in the wavelength range. It can be 

measured by luminous intensity and duration time. 

Precipitation 

This variable refers to any product of the 

condensation of atmospheric water vapor that falls 

under gravity from clouds. It is usually measured by 
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rainfall (in millimeters) and time (when to start and 

stop raining). 

Air temperature 

This variable refers to the measurement of how cold 

or hot the air is. The most common units for this 

variable include Celsius and Fahrenheit. 

Air humidity 
This variable refers to the measurement of the 

concentration of water vapor present in the air. 

Wind 

This variable refers to the bulk movements of air on 

the surface of the earth. It can be measured by wind 

speed, direction, and duration time. 

 Owing to the advanced sensing technology and Internet of Things, environmental data can 

be collected and utilized by various sensors deployed in the farms. Some latest sensor equipment 

is shown in Figure 23 [251,252]. 

    

(a)                                       (b) 

Figure 23. Some latest sensor equipment: (a) a perforated cylinder coaxial dielectric sensor for 

measuring soil water content; (b) a time-domain reflectometry sensor for measuring soil moisture. 

Secondly, crop/planting variables are considered, including crop growth, crop yield, stress, 

dry weight, flowering time, root biomass index, etc. These variables are essential for managing 

farming operations because agricultural decision-making varies in different situations. For 

instance, the planting density of crops may affect the dilution factor of insecticides [253]. 

Furthermore, crops are sensitive to the applied insecticides due to their growth stage. Toxic 

insecticides may be lethal to those crops at the seed stage. Thus, following key features of 

crop/planting variables are taken into account in Table 6. 
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Table 6. Key features of crop/planting variables in agricultural cases. 

Feature category Feature name Content 

Crop variables 

Crop breed 

This variable refers to the types of agricultural 

production. Some common breeds that farmers are 

growing now include cereals (i.e. rice, wheat, and 

barley), pulses food (i.e. red gram, black gram, and 

green gram), and oils (i.e. olive, peanut, and 

sesame). 

Growth stage 

This variable refers to a process with different 

organs developing, growing, and dying in 

overlapping sequences. (i.e. the growth of cereal 

crops usually includes vegetative, stem elongation, 

booting, heading, anthesis, milking, dough, and ripe 

seed stages.) 

Yield 

This variable refers to the amount of crop harvested 

per area of land. The common units for this variable 

include kilogram/hectare and tons/hectare. 

Stress 

This variable refers to any external factors that 

decrease crop yields from the maximum to a lower 

level. Some common crop stresses include diseases, 

insects, salinity, and so on. 

Market price 

This variable refers to the profitability when 

reselling the agricultural production in the market. 

In particular, this variable plays a key role in 

decision making about harvesting and logistics. 

Planting variables 

Planting area 
This variable refers to the segmentation of areas 

where crops are planted. 

Planting 

density 

This variable refers to the amount of space left 

between plants. The more closely spaced plants are, 

the higher the density. 

Applied 

chemicals 

This variable refers to the chemicals previously 

applied during the planting period. These chemicals 

can be fertilizers, pesticides, insecticides, etc. 

For monitoring crop/planting variables, multispectral sensors have been widely adopted. 

Usually, UAVs and remotely operated drones (RODs) carry multispectral cameras for collecting 
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images when surveying an area. Then, techniques like feature extraction and pattern recognition 

are adopted for further processing collected images and obtaining crop variables. Examples of 

multispectral equipment are shown in Figure 24 [254,255]. 

     

(a)                                      (b) 

Figure 24. Examples of multispectral equipment: (a) a multispectral sensor for crop 

discrimination; (b) an airborne multispectral sensor for assessing nitrogen nutrition. 

Thirdly, farming operations do not only refer to produce crops, but also include grazing 

livestock, since they can produce labors and commodities like meat, eggs, milk, fur, leather, etc. 

As a consequence, livestock variables are also considered in the content of agricultural cases. 

These variables include feed, health, and movement control data. For example, by monitoring the 

health status of animals can help the government to take the right decisions on policies and fund 

allocation [256]. Generally, the key features in livestock variables are listed in Table 7. 

Table 7. Key features of livestock variables in agricultural cases. 

Feature 

category 
Feature name Content 

Feed 

variables 

Feed cost 

This variable refers to the money spent on buying 

food for livestock (i.e. feeding a cow costs around 

360 US dollars per year). 

Feed amount 

This variable refers to the amount of food feed to 

livestock (i.e. a single cow consumes around 13 

kilograms food per day). 

Variety of feed 
This variable refers to the feed type (i.e. grass, corn, 

and potato.). 

Rumination 

This variable refers to the process of acquiring 

nutrients from plant-based food (i.e. a cow takes two 

hours for rumination.). 
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Watering 
This variable refers to an average amount of water 

drunk by livestock. 

Health 

status 

Body temperature 
This variable refers to the temperature measurement 

of the animal. 

Weight 
This variable refers to the animal’s relative mass or 

the quantity of matter contained by the animal. 

Ruminal ORP 

This variable refers to the oxidation-reduction 

potential (ORP) of the first stomach of a ruminant 

animal. The normal value of this variable ranges 

from -1000 to 0 mV. 

Ruminal pH 

This variable refers to the value, expressing the 

acidity or alkalinity in the first stomach of a 

ruminant animal. The normal value of this variable 

ranges from 4 to 9. 

Ruminal temperature 

This variable refers to the temperature measurement 

inside the first stomach of a ruminant animal. The 

normal value of this variable ranges from 20 to 50 

Celsius.  

Movement 

control 

Activity 
This variable refers to the movement of livestock, 

measured by steps per animal per day. 

Position 

This variable refers to locate where the animal is and 

it can be represented by global positioning system 

(GPS) data. 

Behavior 
This variable refers to the current state of livestock 

(i.e. a female cow is mating with a male one.).  

 For monitoring livestock variables, wearable technologies have been widely deployed. For 

example, E-tags are used to monitor animal’s body temperature, since it is one of the first 

symptoms when body is fighting against illnesses. Some latest wearable technologies are shown 

in Figure 25 [257,258]. 
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(a)                                   (b) 

Figure 25. Examples of wearable technology: (a) a RFID based ear tag for cows; (b) wearable 

sensors for monitoring heart rate, surrounding temperature and humidity. 

The above three groups of variables (environmental, crop/planting, and livestock) form the 

problem part of an agricultural case. Depending on the application domain, agricultural cases 

should be composed of selected key features. 

In regards to the solution part of an agricultural case, it can also be formulated by feature-

value pairs as well. For instance, key features of a solution for pest management include the 

pesticide type, applied quantity, dilution factor, spraying method, etc. While a solution for 

assigning tasks to agricultural machinery should provide the information about the number of 

involved vehicles and a list of task distribution strategies. 

4.1.4. Structure of the proposed case representation method 

Differing from the typical feature vector representation method, the associated case 

representation method extends the “problem-solution” structure with an additional association 

part. Thus, the structure of our proposal is “problem-solution-association” (See Figure 26). 

In Figure 26, the problem and solution parts have been explained in Section 4.1.3, while the 

association part is referred to the association table which are generated in Section 4.1.1. Each past 

case retrieves its similar and dissimilar associations from the association table and stores them 

within this structure, building the connection with each other. 
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Figure 26. Structure of the associated case representation method. 

4.2. A triangular similarity measure 

The proposed triangular similarity measure (TSM) combines the cosine angle between two 

vectors, their Euclidean distance, and their magnitudes. When measuring the similarity, a triangle 

is formed by two compared vectors. The area of this triangle is considered as a similarity metric. 

Meanwhile, for enhancing the robustness of TSM, a coefficient is designed in the formula. It 

considers the magnitude differences between two compared vectors. The smaller the triangular 

area is, the more similar the two vectors will be. The formula of TSM is explained in the next 

sub-sections in detail. 

4.2.1. Formula of the triangular similarity measure 

For two vectors in three-dimensional space, 𝑂𝐴⃗⃗⃗⃗  ⃗ = (𝑎1, 𝑎2, 𝑎3) and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ = (𝑏1, 𝑏2, 𝑏3), they 

can form a triangle as follows in Figure 27. 
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Figure 27. Two vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ in three-dimensional space. 

In Figure 27, a triangle △AOB is formed by two vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗. The area of this 

triangle can be calculated by two sides and the included angle (SAS formula). Firstly, the 

magnitudes of the two vectors are calculated by Equations (6) and (7). 

|𝑂𝐴⃗⃗ ⃗⃗  ⃗| = √𝑎1
2 + 𝑎2

2 + 𝑎3
2                                 (6) 

|𝑂𝐵⃗⃗ ⃗⃗  ⃗| = √𝑏1
2 + 𝑏2

2 + 𝑏3
2                                 (7) 

The cosine value of these two vectors is calculated by Equation (1) in Section 2.3.2. For 

obtaining the value of the angle, the trigonometric inverse function can be employed. Then, the 

area of this triangle is calculated by using the SAS formula in Equation (8).  

𝑆△AOB =
|𝑂𝐴⃗⃗⃗⃗⃗⃗ |∗|𝑂𝐵⃗⃗⃗⃗⃗⃗ |∗sin (𝜃)

2
                                (8) 

 In Equation (8), a smaller area of the triangle indicates that the two compared vectors will 

have more commonalities. An example is presented in Figure 28. 

In Figure 28, the target vector is 𝑂𝐴⃗⃗⃗⃗  ⃗ and it is compared with two source vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗ and 

𝑂𝐶⃗⃗⃗⃗  ⃗ . Though all these three vectors have different magnitudes and orientations, the distance 

between the source vectors and the target vector is identical, demonstrating that source vectors 

𝑂𝐵⃗⃗ ⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗ have the same similarity measurement with the target vector 𝑂𝐴⃗⃗⃗⃗  ⃗. However, by 

adopting TSM in Figure 28, we can obtain that the area of the triangle △AOB is smaller than the 

triangle △AOC. Under this circumstance, it is concluded that vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ have more 

commonalities than vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗, which is the expected result from common sense. As a 
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consequence, compared with distance-based measures, TSM is able to provide an accurate result 

even if the distance between the compared vectors is the same. 

 

Figure 28. Two triangles formed by three vectors 𝑂𝐴⃗⃗⃗⃗  ⃗,  𝑂𝐵⃗⃗ ⃗⃗  ⃗, and 𝑂𝐶⃗⃗⃗⃗  ⃗. 

4.2.2. Coefficient design in the triangular similarity measure 

The robustness of TSM can be further enhanced for overcoming the drawbacks of angle-

based similarity measures. A coefficient, 𝐾𝑚𝑎𝑔, is designed to improve the similarity precision, 

taking into account the magnitude difference between compared vectors. This coefficient is also 

formed by a triangle. Its value is decided by calculating the area of the formed triangle. The 

coefficient for vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ is shown in Figure 29. 

 

Figure 29. The coefficient triangle for vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗. 
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In Figure 29, the triangle △CAD is formed and its area represents the value of the coefficient 

for vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗. The angle (∠CAD) between 𝐴𝐶⃗⃗⃗⃗  ⃗ and 𝐴𝐷⃗⃗ ⃗⃗  ⃗ is same as the angle ∠AOB. 

The magnitudes of |𝐴𝐵⃗⃗⃗⃗  ⃗| and |𝐴𝐸⃗⃗⃗⃗  ⃗| equal to the Euclidean distance between vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 

𝑂𝐵⃗⃗ ⃗⃗  ⃗, while the magnitudes of |𝐵𝐶⃗⃗⃗⃗  ⃗| and |𝐸𝐷⃗⃗ ⃗⃗  ⃗| equal to the magnitude difference between vectors 

𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗. The magnitudes of |𝐴𝐶⃗⃗⃗⃗  ⃗| and |𝐴𝐷⃗⃗ ⃗⃗  ⃗| are the sum of the Euclidean distance and the 

magnitude difference. The formula of calculating the magnitudes of |𝐴𝐶⃗⃗⃗⃗  ⃗| and |𝐴𝐷⃗⃗ ⃗⃗  ⃗| can be 

obtained by Equation (9). 

|𝐴𝐶⃗⃗⃗⃗  ⃗| = |𝐴𝐷⃗⃗ ⃗⃗  ⃗| = √(𝑎1 − 𝑏1)
2 + (𝑎2 − 𝑏2)

2 + (𝑎3 − 𝑏3)
2 + ||𝑂𝐴⃗⃗⃗⃗  ⃗| − |𝑂𝐵⃗⃗ ⃗⃗  ⃗||       (9) 

In Equation (9), the former part is the Euclidean distance between the vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗, 

while the latter part is the magnitude difference of compared vectors. It is detected that the 

Euclidean distance and the magnitude difference have a close relationship. When the magnitude 

difference decreases, so does the Euclidean distance. Therefore, both factors are taken into 

consideration when designing the coefficient. The area of the triangle △CAD is also calculated 

by the SAS formula shown in Equation (10). 

𝐾𝑚𝑎𝑔 = 𝑆△CAD =
|𝐴𝐶⃗⃗⃗⃗  ⃗|∗|𝐴𝐷⃗⃗⃗⃗⃗⃗ |∗sin (𝜃)

2
                         (10) 

With obtained areas of triangles △AOB and △CAD, the similarity between vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 

𝑂𝐵⃗⃗ ⃗⃗  ⃗ can be measured by Equation (11). 

Sim(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗) = 𝐾𝑚𝑎𝑔 ∗ 𝑆△AOB                          (11) 

An example is presented in Figure 30 for demonstrating how the designed coefficient can 

enhance the robustness of TSM. In this figure, the target vector is 𝑂𝐴⃗⃗⃗⃗  ⃗, while the source vectors 

are 𝑂𝐵⃗⃗ ⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗. It is clear that the cosine similarity of 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ is same as that of 𝑂𝐴⃗⃗⃗⃗  ⃗ and 

𝑂𝐶⃗⃗⃗⃗  ⃗ because they share the same angle. As a consequence, by employing the cosine similarity, 

vectors 𝑂𝐵⃗⃗ ⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗ are considered to have the same commonalities with the target vector 𝑂𝐴⃗⃗⃗⃗  ⃗. 

When the basic TSM (in Section 4.2.1) is adopted for measuring the similarities in Figure 30, it 

can be concluded that the vector 𝑂𝐵⃗⃗ ⃗⃗  ⃗ is more similar to the target vector 𝑂𝐴⃗⃗⃗⃗  ⃗ because the area of 

the triangle △AOB is smaller than the triangle △AOC. However, this result may be inaccurate 

due to the reason that vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗ have similar magnitudes, but the magnitudes of 𝑂𝐴⃗⃗⃗⃗  ⃗ 

and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ have a major difference. 
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Figure 30. An example for demonstrating the use of coefficient in TSM. 

TSM is able to generate a more accurate result when adopting the coefficient because the 

product of the areas of two formed triangles is more reliable. In Figure 30, though the area of the 

triangle △AOB is smaller than △AOC, its coefficient value (the area of the triangle △EBF) is 

much bigger than the area of the triangle △ECF, leading to the fact that the similarity of the 

vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ is lower than that of 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐶⃗⃗⃗⃗  ⃗. Conclusively, it is determined that the 

vector 𝑂𝐶⃗⃗⃗⃗  ⃗ is more similar to 𝑂𝐴⃗⃗⃗⃗  ⃗. 

4.2.3. The triangular similarity measure in N-dimensional space 

For two vectors in N-dimensional space, 𝑂𝐴⃗⃗⃗⃗  ⃗ = (𝑎1, 𝑎2, … , 𝑎𝑛) and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ = (𝑏1, 𝑏2, … , 𝑏𝑛), 

the similarity can be measured by the TSM formula defined in Equation (12). 

𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗) =
(√∑ (𝑎𝑖−𝑏𝑖)

2𝑛
𝑖=1 +|√∑ 𝑎𝑖

2𝑛
𝑖=1 −√∑ 𝑏𝑖

2𝑛
𝑖=1 |)

2

∗[𝑠𝑖𝑛2(𝜃)+0.001]∗√∑ 𝑎𝑖
2𝑛

𝑖=1 ∗√∑ 𝑏𝑖
2𝑛

𝑖=1

4
  (12) 

In Equation (12), the value of 𝑠𝑖𝑛(𝜃) is added by 0.001 due to the reason that the compared 

two vectors may be overlapped with each other. Therefore, the value of 𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗) will equal 

to zero. As a consequence, the final result will be zero without this adjustment. 
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The mathematical prove of the TSM formula is given in Figure 31. 

 

Figure 31. The mathematical prove of the TSM formula. 

In Figure 31, the vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗  refer to the vectors presented in Figure 29. The 

variable 𝐸𝐷𝐴𝐵⃗⃗⃗⃗  ⃗ denotes the Euclidean distance between vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗. |𝑂𝐴⃗⃗ ⃗⃗  ⃗| and |𝑂𝐵⃗⃗ ⃗⃗  ⃗| 

represent the magnitudes of these two vectors respectively. Since the formulas of the Euclidean 

distance, magnitude of vectors, and the sine function have been proved in N-dimensional space, 

thus the TSM formula is appliable in N-dimensional space as well. 

It might be difficult for humans to understand the similarity of two vectors by directly reading 

the value of the triangle area. Therefore, it is better to convert the area values by using the inverse 

exponential function [259]. Under this circumstance, the similarity measurement can be 

represented by percentile values, ranging from 0 to 100%, which fit human notions better. The 

similarity measurement in percentile values can be obtained by using Equation (13).  

𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗)
[0,100%]

= 𝑒𝑥𝑝 (−𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗))               (13) 

A large value of 𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗)
[0,100%]

 means that vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ are more similar. 

Only if vectors 𝑂𝐴⃗⃗⃗⃗  ⃗ and 𝑂𝐵⃗⃗ ⃗⃗  ⃗ are absolutely identical, the value of 𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗)
[0,100%]

 equals 

to one hundred percent. Because the value of 𝑆𝑖𝑚(𝑂𝐴⃗⃗⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗) equals to zero, indicating that the 

Euclidean distance between vectors and their magnitude differences are both zero. 

4.2.4. Feature weighting in the triangular similarity measure 

As an important aspect in the similarity measure, the objective of weighting is to assign 

relative importance to a set of features, thereby highlighting those features that play key roles. 
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Typically, each feature in the dataset contributes equally to the final result. However, it is noted 

that some data should be adjusted to make a greater contribution than others. 

Feature weighting can be regarded as a generalization of feature selection [260]. Considering 

a dataset 𝜆 containing n entities 𝑥𝑛, 𝜆 =  {𝑥1, 𝑥2, 𝑥3, … , 𝑥𝑛}. Each entity consists of the same 

set of features 𝐹 = {𝑓1, 𝑓2, 𝑓3, … , 𝑓𝑚} . In this scenario, feature weighting tries to assign a weight 

𝑤𝑚 to each feature 𝑓 ∈ 𝐹. The value of the assigned weight is usually within the interval [0,1] 

and it reflects the degree of relevance of the feature to the particular problem at hand. 

In this thesis, an adaptive feature weighting approach is designed for determining the 

importance of each feature. This weighting approach is on the basis of the intra-cluster distance 

and the distance between different clusters. The detail of the feature weighting approach is 

explained as follows. 

At first, a matrix X is formed by n vectors and each vector has m features in Equation (14). 

𝑋 = [

𝑥11 ⋯ 𝑥1𝑚

⋮ ⋱ ⋮

𝑥𝑛1 ⋯ 𝑥𝑛𝑚

]                           (14) 

 For eliminating the dimensional differences, vectors in the matrix X are normalized and 

mapped into a common scale, ranging from 0 to 1. 

 Secondly, all the vectors are going to be classified into K clusters and the number of vectors 

in each cluster is 𝑛1, 𝑛2, … , 𝑛𝑘. Let 𝑚𝑘𝑗 denote the average value of the cluster k for the 𝑗𝑡ℎ 

feature. Then, the sum of the distance of the 𝑗𝑡ℎ  feature for all clusters can be obtained by 

Equation (15). This sum result is treated as the intra-cluster distance. 

𝑑𝑛 = ∑ ∑ (𝑥𝑖𝑗 − 𝑚𝑘𝑗)
2𝑛𝑘

𝑖=1
𝐾
𝑘=1                         (15) 

Let 𝑚𝑗 denote the average value of the 𝑗𝑡ℎ feature in the dataset, the distance of the 𝑗𝑡ℎ 

feature between all clusters can be computed by Equation (16). This sum result is regarded as the 

distance between different clusters. 

𝑑𝑤 = ∑ (𝑚𝑘𝑗 − 𝑚𝑗)
2𝐾

𝑘=1                          (16) 

Therefore, the contribution of the 𝑗𝑡ℎ feature to the final result can be obtained by Equation 

(17). 

𝑐𝑗 =
𝑑𝑤

𝑑𝑛
                                (17) 
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If the intra-cluster distance is close and the distance between different clusters is far, it means 

that this feature may potentially contribute more to the final result. However, if the intra-cluster 

distance is far and the distance between different clusters is close, it indicates that this feature 

may have a minor effect on the final result. Conclusively, the weight of the 𝑗𝑡ℎ feature is defined 

in Equation (18). 

𝑤𝑗 =
𝑐𝑗

∑ 𝑐𝑗
𝑚
𝑗=1

                              (17) 

Where 𝑤𝑗 ∈ [0,1] and ∑ 𝑤𝑗
𝑚
𝑗=1 = 1. 

Conclusively, the formula of triangular similarity measure in Equation (12) can be updated 

with weights by Equation (18). 

𝑆𝑖𝑚(𝑂𝐴⃗⃗ ⃗⃗  ⃗, 𝑂𝐵⃗⃗ ⃗⃗  ⃗) =
(√∑ 𝑤𝑖(𝑎𝑖−𝑏𝑖)

2𝑛
𝑖=1 +𝑤𝑖|√∑ 𝑎𝑖

2𝑛
𝑖=1 −√∑ 𝑏𝑖

2𝑛
𝑖=1 |)

2

∗[𝑠𝑖𝑛2(𝜃)+0.001]∗√∑ 𝑤𝑖𝑎𝑖
2𝑛

𝑖=1 ∗√∑ 𝑤𝑖𝑏𝑖
2𝑛

𝑖=1

4
   (18) 

An example is given for demonstrating how this feature weighting approach works. The Iris 

plant dataset is employed and the detail of this dataset is explained in Appendix A. The workflow 

of adjusting the weights for the features (sepal length, sepal width, petal length, and petal width) 

is presented in Figure 32. The result of the adjusted weights is shown in Figure 33. 

 

 Figure 32. The workflow of adjusting the weights for the Iris plant dataset. 
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Figure 33. The result of adjusted weights for the four features. 

In Figure 33, the initial weight for all four attributes was 0.25 in the first iteration. According 

to the ranking of distances between each feature and the cluster center, the weights were adjusted. 

From the result in Figure 33, the features petal length and petal width contributed more than other 

two. 

4.3. A fast case retrieval algorithm 

Typical case retrieval algorithms try to identify the most similar past cases by traversing the 

whole case base, leading to low efficiency in generating the results. In this thesis, a fast case 

retrieval algorithm is designed, taking advantage of the associations between past cases. At first, 

the features of a new case are compared with an entry-point case. According to the similarity 

measurement, associated similar or dissimilar cases are then selected for comparison 

preferentially, instead of traversing the whole case base. As a consequence, the proposed 

algorithm can enhance the retrieval efficiency significantly. 

4.3.1. A set of policies for the retrieval algorithm 

First and foremost, it is necessary to determine whether the two compared cases are similar 

or dissimilar. Table 8 is presented for demonstrating the correspondence between the similarity 

level and measurements. 
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Table 8. Correspondence between the similarity level and measurements. 

Level Condition 

Identical 
The compared two cases are exactly the same, 

achieving a similarity measurement at 100.00%. 

Highly similar 
The compared two cases achieve a similarity 

measurement, ranging from 75.00% to 99.99%. 

Similar 
The compared two cases achieve a similarity 

measurement, ranging from 50.00% to 74.99%. 

Dissimilar 
The compared two cases achieve a similarity 

measurement, ranging from 25.00% to 49.99%. 

Highly dissimilar 
The compared two cases achieve a similarity 

measurement, ranging from 0.00% to 24.99%. 

In regards to the association determination (for selecting the associated similar or dissimilar 

cases), a set of policies is defined in the proposed case retrieval algorithm, shown as follows. 

• Policy 1 – Detection of identical cases: If a past case is detected identical to the new case, 

the case retrieval algorithm terminates immediately. The output is this identical case. 

• Policy 2 – Token assignments: 

o If a past case is considered highly similar to the new case, three positive tokens will be 

assigned to this past case. 

o If a past case is considered similar to the new case, one positive token will be assigned 

to this past case. 

o If a past case is considered dissimilar to the new case, one negative token will be 

assigned to this past case. 

o If a past case is considered highly dissimilar to the new case, three negative tokens will 

be assigned to this past case. 

• Policy 3 – Association selection: The association with more tokens will be selected for 

comparison. When the number of positive tokens is greater than negative ones, the past case 

with the highest similarity measurement will be selected. The associated similar cases of this 

chosen one will be evaluated in the next iteration. While the comparative result of the current 

iteration suggests that the number of negative tokens is more, then the past case with the 

lowest similarity measurement will be selected. Consequently, the associated dissimilar cases 

of this selected one are retrieved from the case base for comparison in the next iteration. 

• Policy 4 – Selection of previous cases: It happens that all associated cases in a single iteration 

have been compared previously due to the reason that a past case can be associated with a 1-
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to-N relation. It makes no sense to repeatedly evaluate cases that have been already compared 

before, resulting in an endless loop for the algorithm. Under this circumstance, the cases to 

be evaluated in the next iteration are selected from previous iterations. Based on the number 

of tokens, corresponding association is determined and the past case with the second highest 

(or lowest) similarity measurement from the previous iteration will be chosen for comparison. 

If the past cases in the previous iteration have all been selected, then the algorithm will repeat 

Policy 4 one more time. 

The above set of policies is applicable under the circumstance that each past case is 

associated with three similar and three dissimilar cases. Because the number of associated cases 

depends on the size of the case base. When the case base contains more past cases, more 

associations should be built. As a consequence, the number of tokens (in Policy 4) should be 

increased for ensuring that the highly similar and highly dissimilar associations can be compared 

preferentially. 

4.3.2. Design of the case retrieval algorithm 

The workflow of the proposed case retrieval algorithm is presented in Figure 34. As shown 

in the figure, the case retrieval algorithm firstly starts with the new case input by users. An entry-

point case is randomly selected from the case base for comparison in the first iteration. Based on 

the similarity measurement, the algorithm decides whether the new case is similar (or dissimilar) 

to the entry-point case. Afterwards, the corresponding association is determined and associated 

similar (or dissimilar) past cases are retrieved from the case base for comparison. Then, the 

similarity between the new case and association similar (or dissimilar) ones are measured in the 

next iterations, until the termination condition is reached. The termination condition of the 

algorithm is defined as: (i) the maximum iteration number is reached, or (ii) a set of satisfactory 

similar past cases is retrieved successfully.  

The pseudo code of the proposed case retrieval algorithm is displayed in Figure 35. 
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Figure 34. The workflow of the proposed case retrieval algorithm. 

 

Figure 35. The pseudo code of the proposed case retrieval algorithm. 
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For better demonstrating the proposed case retrieval algorithm, an example is presented in 

Figure 36. 

 

Figure 36. An example of the proposed case retrieval algorithm. 

In Figure 36, Pi represents the ith past case in the case base, while N1 denotes the new case. 

Initially, P1 is selected as the entry-point case for comparison with N1 in the first iteration. The 

similarity measurement of P1 and N1 reaches 30.96%, indicating that P1 is dissimilar to N1. 

Therefore, the dissimilar association of P1 is chosen for comparison according to Policies 2 and 

3. In the second iteration, P336, P157, and P479 are compared with N1. In this iteration, the number 

of positive tokens is greater than negative ones, thus the associated similar cases of P157, which 

has the highest similarity measurement, are selected for comparison in the next iteration according 

to Policies 2 and 3. The case retrieval algorithm keeps running until the 6th iteration, all past cases 

have been repeated and used previously. According to Policy 4, P339 which has the second highest 

similarity measurement from the 5th iteration is chosen as a substitution for comparison in the 6th 

iteration. The output of this retrieval algorithm is a past case which has the greatest commonalities 

with the new case. The travelling trajectory of the proposed case retrieval algorithm in the above 

example is presented in Figure 37. 



82 

 

 

Figure 37. The travelling trajectory of the proposed retrieval algorithm in the example. 

In Figure 37, it is shown that the proposed retrieval algorithm only compares the interested 

associations. For instance, the similarity measurement between P1 and N1 indicates that the 

dissimilar association of P1 should be selected for comparison next. Thus, the similar association 

of P1 is ignored. Under this circumstance, the retrieval algorithm avoids comparing irrelevant 

cases, and therefore improves the retrieval efficiency. 

4.4. A learning-based approach for solution reuse and revision 

After retrieving the similar past cases, their solutions are reused to solve the new problem. 

However, the retrieved cases are not exactly same as the new ones in most scenarios. Therefore, 

the solution of retrieved cases needs to be revised. For a revision task, it should recognize when 

an adaptation should be applied because there are major differences between the new and 

retrieved cases. Moreover, the revision task should refine the retrieved solution to reflect the 

difference between the new problem and solved ones, as appropriate. For instance, in a clinical 

CBR system, a retrieved case with light symptoms should increase the treatment dosage to reflect 

the additional symptoms in the new case [261]. 

Inspired from the general case representation formalism which consists of the problem and 

solution pairs, a revision can also be considered as situation and action pairs. The situation part 

indicates the detected differences between the new and retrieved cases, while the action part 

contains the adaptation for the retrieved solution like (i) new values for updating the solution, (ii) 

elements to be added, deleted, or changed in the solution, and (iii) more specialized knowledge 

for extending the solution. 
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4.4.1. Overview of the revision strategy 

The case base is full of useful knowledge about the problem-solving domain because a set 

of cases and their solutions are stored in the case base. By this nature, the revision strategy can be 

learned from previous adaptation strategies. Therefore, a learning-based approach is adopted for 

completing the revision task. The overview of the proposed revision process in CBR is presented 

in Figure 38. 

 

Figure 38. The overview of the proposed revision process in CBR. 

 In Figure 38, four steps are followed for completing the adaptation. 

• Step 1: The new case 𝑁1 is compared with past cases in the full case base. The most similar 

past case is retrieved and marked as an adaptation case 𝐴𝐷1. 

• Step 2: The adaptation case 𝐴𝐷1 is removed from the full case base, therefore a cut-down 

case base is formed. The same retrieval process is performed and a collection of similar past 

cases 𝑃𝑖 is retrieved from the cut-down case base. 

• Step 3: The new case, adaptation case and all retrieved past cases are regarded as inputs to 

the learning component for obtaining the adaptation knowledge. 

• Step 4: The learned adaptation strategy is applied to the new case 𝑁1. 

For steps 1 and 2, the retrieval component employs the triangular similarity measure and the 

fast retrieval algorithm explained in Sections 4.2 and 4.3 respectively. For the third step, the 

learning component tries to identify the differences between the new case and retrieved past cases. 
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The detail of the learning component will be explained later in Section 4.4.2. For the fourth step, 

the adaptation strategy learned from the third step is applied to the new case. 

4.4.2. Design of the learning component 

As mentioned before, the revision can be considered as a situation and action pair. The 

solution of the retrieved case can be adapted to the new problem by learning from other past cases. 

Firstly, it is necessary to identify the difference between the new case 𝑁1 and the adaptation case 

𝐴𝐷1 (See Figure 39). 

In Figure 39, owing to the advantage of the feature vector representation, the difference 

between the problem part of the new case 𝑁1 and the adaptation past case 𝐴𝐷1 can be measured 

by Equation (19). 

△𝒂𝒍𝒍= ∑ 𝑤𝑖|𝑥𝑖𝑚 − 𝑥𝑗𝑚|𝑛
𝑖=1                           (19) 

Where △𝒂𝒍𝒍 denotes the overall difference between the cases. While 𝑥𝑖𝑚 and 𝑥𝑗𝑚 represent 

the values of features for each case respectively. 𝑤𝑖 indicates the weight for each feature. 

 

Figure 39. Identifying the difference between the new case 𝑁1 and retrieved past case 𝐴𝐷1. 

After obtaining the difference, the adaptation case 𝐴𝐷1 is treated as a new case for the 

retrieval task within the cut-down case base. The objective of the second case retrieval task is to 

identify a collection of past cases which have similar difference to the detected difference between 

the new case and the adaptation case. It is worth noting that each past case consists of a complete 

pair of problem and solution. Meanwhile, owing to the associated case representation method, 

each past case is associated with several similar and dissimilar cases. By looking into the 

differences of past cases, it is possible to learn the adaptation strategy for revising the solution 

and applying the revised solution to the new case. An example is given in Tables 9 to 12 for 
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demonstrating how the adaptation strategy can be learned from the difference between past cases. 

This example describes an agricultural problem about applying the chemical treatment, 

concerning the relationships between infected areas and the amount of the chemical applications. 

Table 9. An example of problem differences between the new case and adaptation case (Scenario 

1). 

Case ID Infected area (m2) Difference Solution (mg) 

N1 100 N/A N/A 

AD1 102 -2 0.05 

Table 10. An example of problem differences between past cases (Scenario 1). 

Case ID Infected area (m2) Difference Solution (mg) Adaptation action 

AD1 102 -2 (target) 0.05 0 

P101 103 -1 0.05 N/A 

P102 104 -2 0.05 N/A 

Table 11. An example of problem differences between the new case and adaptation case (Scenario 

2). 

Case ID Infected area (m2) Difference Solution (mg) 

N2 200 N/A N/A 

AD2 250 -50 0.10 

Table 12. An example of problem differences between past cases (Scenario 2). 

Case ID Infected area (m2) Difference Solution (mg) Adaptation action 

AD2 250 -50 (target) 0.10 -0.05 

P201 300 -50 0.15 N/A 

P202 305 -55 0.15 N/A 

The following two scenarios are presented in the above tables. 

Tables 9 and 10 demonstrate the first scenario, the infected area in the new case 𝑁1 has a 

value of 100 m2 and the adaptation case in the first retrieval task is 𝐴𝐷1 with a value of 102 m2. 

Therefore, the difference between these two cases is calculated. In the second case retrieval task, 

𝐴𝐷1 is treated as a new case and two past cases 𝑃101 and 𝑃102 are retrieved from the cut-down 

case base. It is detected that these retrieved two cases have similar difference (value of ‘-2’) with 

𝑁1 and 𝐴𝐷1. Meanwhile, it is noted that the solution part of 𝐴𝐷1, 𝑃101, and 𝑃102 is the same, 
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meaning that this solution is appliable to all cases with such minor difference. Thus, the retrieved 

solution of 𝐴𝐷1 (applying 0.05 mg of chemicals) will be used to deal with the new case 𝑁1 

without any update. 

The second scenario is presented in Tables 11 and 12. In this scenario, the infected area of 

the new case 𝑁2 has a value of 200 m2. It is assumed that the most similar past case that can be 

retrieved from the full case base is 𝐴𝐷2 with a value of 250 m2. It is obvious that the new case 

and the retrieved past case has a major difference in the feature value. Under this circumstance, 

the solution of the retrieved case 𝐴𝐷2  might be not suitable for the new case 𝑁2 . As a 

consequence, the adaptation case 𝐴𝐷2 is treated as a new case in the second case retrieval task 

and past cases (𝑃201 and 𝑃202) are retrieved from the cut-down case base. It is noted that 𝐴𝐷2, 

𝑃201 and 𝑃202 achieve a similar difference value at around minus 50. Thus, the knowledge of 

adapting the solutions of 𝑃201 and 𝑃202 to solve 𝐴𝐷2 can be learned. In Table 12, considering 

the differences between cases, the amount of applied chemical treatments is reduced by 0.05 mg. 

Consequently, it is possible to reduce 0.05 mg of chemicals in the solution of the adaptation case 

𝐴𝐷2 for generating a new solution to solve the new case 𝑁2. The output result of the revised 

solution is to apply 0.05 mg of chemicals to the infected area. 

Conclusively, the learning component can be summarized in Figure 40. 

 

Figure 40. The workflow of the learning component. 

In the upper part of Figure 40, it shows a typical retrieve process in CBR. The retrieved 

content consists of both problem and solution parts of a past case. In the lower part of Figure 40, 

the difference between the new case and the adaptation case is calculated based on the feature 

values and their weights. The retrieved solution of the adaptation case is updated based on the 
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detected difference between the retrieved past cases from the cut-down case base. Lastly, the 

revised solution is applied to the new problem. 

4.4.3. Adaptation actions: A case study 

The adaptation actions capture the update that transforms the retrieved solution of the 

adaptation case into a target solution for solving the new problem. For the numeric adaptation, 

the action part is simple because it usually involves a calculation like adding the numeric 

difference between the target and retrieved solutions. However, the adaptation of symbolic 

solutions is more challenging due to the reason that the dissimilarity of numeric features can be 

calculated for updating a numeric solution, but this dissimilarity measurement is not appliable to 

symbolic features. Nevertheless, the adaptation of numeric solutions provides insight into what is 

desirable for the adaptation of symbolic solutions. The foundation of an adaptation action depends 

on the detection of differences between compared cases, and most importantly, how the update 

reflects these differences. 

A case study on pest management is conducted for demonstrating how the symbolic features 

in the solutions can be adapted. Generally, the problem part of a pest management case mainly 

concerns, but are not limited to, the following factors. 

• Pest variables: 

o Pest species: This variable affects the selection of a specific pesticide. 

o Pest quantity: This variable determines the amount of applied pesticide. 

o Maturity of pests: This variable affects the selection of a specific pesticide. 

• Environmental variables: 

o Solar irradiance: This variable may promote the breakdown of many chemicals. Most 

of the pesticides are subjected to the photodecomposition. 

o Temperature: This variable is another important factor in the breakdown of pesticides. 

Applying the chemicals near the root of plants or at the top of their leaves has a major 

difference because temperature at the top is higher than that near the soil surface. 

o Humidity: This variable affects the performance of pesticide applications as well. In 

rainy days, the rain can wash away the pesticides attached on the plants. Furthermore, the 

rain can dilute the pesticide concentration. 

o Soil pH: Soil is a mixture of organic and inorganic bases and acids, all of which react 

with each other to form the soil pH value. Since pesticides can be categorized by acidic and 

alkaline ones, if a slightly acidic pesticide is applied to an alkaline surface, this pesticide 

may break down more rapidly. For instance, Captan (also known as ethanethiol or ethyl 

mercaptan and it is often added as a component of pesticide mixtures for controlling 
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diseases on a number of fruits and vegetables as well as ornamental plants) has a half-life 

of three hours at a pH value of 7.0, but only 10 minutes at a pH value of 8.0. 

The solution part of a pest management case should include the following information [262]. 

• Selection of nozzle type: This variable decides the nozzles for giving pesticides in the fields. 

The nozzle type includes cone, deflector, air induction, etc. 

• Spray volume: This variable determines the number of pesticide droplets produced and the 

target is covered by a pesticide. Usually, higher application volumes are required for effective 

coverage of the target. However, high-volume spraying can result in wastage of chemicals as 

well. 

• Spray concentration: This variable implies the applied dosage which is the amount of 

formulation to be mixed with water. When the spray volume rate is low, the spray 

concentration should be higher, bringing the advantage of wetting foliage more effectively. 

• Operating pressure: This variable has influence on the flow rate and spraying quality. A 

proper operating pressure can avoid potential spray drift. 

• Spray angle: This variable indicates the angle of nozzles. Wide and narrow angles are both 

adopted. However, they have different application scenarios. For instance, narrow angled 

nozzles (i.e. 80 degree) are efficient for row crops. 

Taking into account both the problem and solution parts, an example of the pest management 

case is presented in Figure 41. 

 

Figure 41. An example of a normal pest management case. 
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For the content of a new case, it only contains the problem part, leaving the solution and 

association parts empty temporarily. For all the past cases in the case base, their contents should 

include all three parts. After the first case retrieval task (Step 1 in Figure 38), an adaptation case 

is retrieved and then treated as a new input to the second case retrieval task (Step 2 in Figure 38). 

There is a slight change in this new input due to the extension of an additional part, named 

difference part (See Figure 42). This difference part is helpful for identifying a list of past cases 

which has similar differences to the new input case. 

 

Figure 42. An example of an adaptation case. 

In Figure 42, the difference between the new case and the adaptation case is calculated by 

Equation (19). This adaptation case is treated as a new input to the second case retrieval task. If 

the similar difference between the adaptation case and other past cases is detected, then the 

adaptation strategy can be learned from these past cases and the revised solution may be 

potentially applicable to the new problem. 

In this case study, a new case, an adaptation case and three past cases will be selected from 

a case base where 300 cases are stored [263]. The association parts of the adaptation case and 

other past cases are not considered because the scale of the case base is small. This case study 

tries to manage the pest problems for Chilo suppressalis (a pest of rice). Therefore, the pest species 

are not taken into account when measuring the similarity of cases. The initial weights for all other 

six features are 0.1667 and they are updated by Equation (17) for determining which features have 
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greater influence. The final weights are 0.2051 (pest quantity), 0.0938 (maturity of pest), 0.1723 

(solar irradiance), 0.1724 (temperature), 0.1499 (humidity), and 0.2065 (soil pH) respectively, 

shown in Figure 43.  

 

Figure 43. Feature weights for pest management cases. 

  After executing the first case retrieval task, the adaptation case is retrieved from the case 

base. The data visualization of features of these two cases is displayed in Figure 44. The similarity 

measurement reaches 97.98%, while the difference between these two cases has a value of 0.1120 

according to Equation (19). 

 

Figure 44. Data visualization of features of the new case and adaptation case. 

 In Figure 44, it is observed that the main difference between these two cases lies on the 

features of maturity of pest and temperature. 
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 In the second case retrieval task, the adaptation case is treated as an input to the retrieval 

component. The retrieval result is a collection of three past cases and the data visualization is 

presented in Figure 45. The similarity measurement and difference values are listed in Table 13. 

  

Figure 45. Data visualization of features of the adaptation case and retrieved past cases. 

Table 13. Similarity measurements and difference values of retrieved past cases. 

Case ID Similarity measurement Difference values 

1 97.89% 0.0812 

2 97.86% 0.0862 

3 96.32% 0.9183 

 After identifying the difference between the features of past cases, it is important to look into 

how the solution of the adaptation case can be revised to match the solutions of retrieved past 

cases. The solutions are listed in Table 14. 

Table 14. Solutions of the adaptation case and retrieved past cases. 

Case ID Nozzle type 
Spray 

volume 

Spray 

concentration 

Operating 

pressure 

Spray 

angle 

Adaptation 

case 
Cone 4600 High 3 60 

Past case 1 Cone 4411 High 3 60 

Past case 2 Air induction 4930 Low 5 90 

Past case 3 Cone 4858 High 3 60 
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 In Table 14, apart from the past case 2, other past cases and the adaptation case adopts similar 

solutions (using a cone nozzle, under high spray concentration, at 3 bar operating pressure, and 

with a narrow angle of 60 degree). The main difference is the spray volume, depending on the 

pest quantity and maturity of pest. Based on the difference of the spray volume, it is learned that 

a larger quantity of pests requires a higher volume of pesticides. Therefore, the difference of the 

spray volume is analyzed in Table 15. 

Table 15. Analysis of the pest quantity and spray volume. 

Case ID 
Pest 

quantity 

Quantity 

difference 

Spray 

volume 

Volume 

difference 
 

Adaptation 

case 
857 

+18 (with new 

case) 
4600 TBD  

Past case 1 841 -16 4411 -189  

Past case 2 892 +35 4930 +330  

Past case 3 870 +13 4858 +258  

 According to Table 15, it is determined that the difference value between the adaptation case 

and past case 1 is minus 16, the volume difference between the adaptation case and past case 3 is 

258. The difference value between the new case and adaptation case is 18. For revising the 

solution of the adaptation case, it is possible to reduce the spray volume by a certain amount. 

Therefore, the revised solution for the new case is to use a cone nozzle to spray 4377 units 

(4600 − (189 + 258)/2 ) of pesticides under high spray concentration, at 3 bar operating 

pressure, and with a narrow angle of 60 degree. Compared this revised solution of the original 

one stored in the case base, the result shows a successful revision. The revised solution and the 

original one is shown in Table 16. 

Table 16. Comparison of the revised solution and original one. 

Solution Nozzle type 
Spray 

volume 

Spray 

concentration 

Operating 

pressure 

Spray 

angle 

Revised 

solution 
Cone 4377 High 3 60 

Original 

solution 
Cone 4420 High 3 60 
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 In Table 16, the revised solution only has a minor difference in the feature of the spray 

volume from the original solution. The rest of features is the same. In conclusion, the learning-

based approach for solution reuse and revision is effective. 

4.5. An associated case retention approach 

After successfully solving the new problem with the revised solution, the learned case should 

be retained to the case base. The typical approach is to directly add the newly-solved case into the 

case base, along with its solutions. Under the circumstance when the new case is extremely similar 

to a past case that has been already stored in the case base, a deletion strategy could be applied 

after evaluating the quality of both cases. In this thesis, apart from the normal process of case 

retention, the update of the association is also considered because the performance of the case 

retrieval algorithm depends on the similar and dissimilar association of cases. 

In this thesis, the proposed case retention approach takes care of case base maintenance in 

the following two aspects: (i) storing the learned case, and (ii) updating the existing association 

of past cases. 

4.5.1. Storing the learned case 

In CBR, the efficiency of the system is largely affected by the presence of the number of 

cases that are stored in the case base. It is desirable to only retain the useful cases, and therefore 

to improve the efficiency of the CBR systems. 

In this sub-section, a case competence model is used to evaluate the goodness of a learned 

case for determine whether this case should be retained or not [264]. Generally, the competence 

of a CBR system is decided by the range of a target problem that can be solved by the given 

system. The competence of a case base relies on the local competence properties of each case and 

the relationship between these cases. The local competence of an individual case can be 

characterized by its coverage and reachability. Consider a set of cases (𝐶) and a space of target 

problems (𝑇). For describing these properties, a relation ‘solves’ between a case 𝑐 (𝑐 ∈ 𝐶) and a 

target problem 𝑡 (𝑡 ∈ 𝑇) is defined (i.e. 𝑠𝑜𝑙𝑣𝑒𝑠(𝑐, 𝑡)). This relation specifies that a case 𝑐 can 

be retrieved from the case base and its solution can be adapted to solve the target problem 𝑡. 

• Coverage: The coverage set of a case is the set of all target problems that can be solved by 

this case. This set can be defined in Equation (20). 

𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆𝑺𝒆𝒕(𝒄) = {𝑐′ ∈ 𝐶: 𝑠𝑜𝑙𝑣𝑒𝑠(𝑐, 𝑐′)}                     (20) 



94 

 

• Reachability: The reachability set is the set of a target problem that all cases can be used to 

solve it. This set can be defined in Equation (21). 

𝑹𝒆𝒂𝒄𝒉𝒂𝒃𝒊𝒍𝒊𝒕𝒚𝑺𝒆𝒕(𝒄) = {𝑐′ ∈ 𝐶: 𝑠𝑜𝑙𝑣𝑒𝑠(𝑐′, 𝑐)}                   (20) 

Moreover, a related set can be defined in Equation (21), referring to the set produced from 

the union of a case’s coverage and reachability sets. 

𝑹𝒆𝒍𝒂𝒕𝒆𝒅𝑺𝒆𝒕(𝒄) = 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑒𝑡(𝑐)⋃𝑅𝑒𝑎𝑐ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑒𝑡(𝑐)             (21) 

For example, in Figure 46, 𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑒𝑡(𝑐1, 𝑐2) = {𝑐3}, while 𝑅𝑒𝑎𝑐ℎ𝑎𝑏𝑖𝑙𝑖𝑡𝑦𝑆𝑒𝑡(𝑐4) =

{{𝑐1, 𝑐2, 𝑐5}, {𝑐3}}.  

 

Figure 46. An example of the case base for demonstrating coverage and reachability. 

The size of the coverage set of a case is only a measure of its local competence. For instance, 

a case coverage set can overlap to limit the competence contributions of individual cases, or it 

might be isolated and exaggerate contributions of individual cases. It is possible that a case with 

a larger coverage set makes little or no contributions to the global competence due to the reason 

that its contribution is subsumed by the local competences of other cases. Under certain extreme 

circumstances, there may be cases with relatively small contributions than others, but these 

contributions may nonetheless be crucial if there are no competing cases. Therefore, a measure 

of the coverage of a case, relative to other nearby cases can be defined in Equation (22), named 

relative coverage. 

𝑹𝒆𝒍𝒂𝒕𝒊𝒗𝒆𝑪𝒐𝒗𝒆𝒓𝒂𝒈𝒆(𝒄) = ∑
1

|𝑅𝑒𝑎𝑐ℎ𝑎𝑏𝑙𝑖𝑡𝑦𝑆𝑒𝑡(𝑐′)|𝑐′∈𝐶𝑜𝑣𝑒𝑟𝑎𝑔𝑒𝑆𝑒𝑡(𝑐)             (22) 
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 In Equation (22), the relative coverage estimates the unique competence contribution of an 

individual case, as a function of the size of the case’s coverage set. Generally, the relative 

coverage weights the contribution of each covered case by the degree to which these cases are 

covered. The essence of this concept is that if a case is covered by 𝑛 other cases, then each of 

the 𝑛 cases will receive a contribution of 1 𝑛⁄  from this case to their relative coverage measures. 

 Conclusively, if the new problem achieves a value of the relative coverage that is greater 

than the lowest relative coverage in the case base, then the learned case will be retained in the 

case base. Otherwise, the deletion strategy will be adopted and the learned case will not be stored. 

4.5.2. Updating the existing association 

After the CBR system decides to retain the learned case, the existing association of cases should be 

updated accordingly. The following two scenarios are considered in this thesis. 

• Scenario 1 – Updating the association of the new case: If a closer similar or dissimilar 

association with the new case is detected, the old association of the new case should be 

updated (See Figure 47(a)). 

• Scenario 2 – Updating the association of the past cases: If a new case shows a closer 

association with the compared past cases, the old association of this past case should be 

replaced by the new case (See Figure 47(b)). 

 

(a) 
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(b) 

Figure 47. An example of updating the existing association: (a) scenario 1; (b) scenario 2. 

In Figure 47(a), when a new case N1 is compared with the past cases P133, P148, and P301, it is 

detected that the similarity measurement between N1 and P148 achieves a higher value. As a result, 

P148 takes the first position in the similar association of N1. Meanwhile, N1’s existing association 

with P407 and P157 has a minor adjustment by moving backward their positions in the association. 

It works the same for updating the association with P301. 

In Figure 47(b), the similar and dissimilar association of P14 is presented. During the iteration, 

P14 is compared with N1. The comparative result indicates that N1 has a closer association than 

P256 with P14. Consequently, N1 updates the third position in the similar association of P14 and P256 

is therefore removed from the association. 
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5 A hybrid decision 

support mechanism
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    As described in Chapters 3 and 4, the CBR approach can be used to model the decision 

support system, assisting farmers in managing farming operations. After retrieving a collection 

of similar past cases, their solutions can be adapted to solve the current situations effectively and 

efficiently. Lastly, the learned case can be stored in the case base for further retrieval tasks. 

However, it is detected that CBR cannot always retrieve a collection of similar past cases because 

the case base is not wide enough to cover everything. It happens that the new problem has never 

occurred before. In other words, CBR cannot provide farmers with sufficient advice about solving 

the new problem. As a consequence, a mediator approach for developing a hybrid decision 

support system is proposed in this chapter. 

5.1. A mediator approach for the hybrid decision support system 

In software engineering, the mediator pattern is considered as a behavioral pattern due to the 

reason that it can alter the program’s running behavior. It promotes loose coupling by keeping 

objects from referring to each other explicitly and interacting independently. In terms of coupling, 

it refers to the degree to which objects depend on each other. Usually, tightly coupled objects are 

hard to implement, change, test, and reuse because they depend on many different objects. While 

loosely coupled objects are easier to implement, change, test, and reuse because they are only 

minimal dependencies on other objects. The mediator pattern defines an object (Mediator) that 

encapsulates how a set of objects interact. The core of this pattern is to let objects interact with 

each other indirectly, but though the defined Mediator object that controls and coordinates the 

interaction. This makes the objects loosely coupled because they only depend on the simple 

Mediator interface. 

5.1.1. Problem statement in the mediator design pattern 

The mediator design pattern tries to solve the problems like the following: 

• How can tight coupling between a set of interacting objects be avoided? 

• How can the interaction between a set of objects be changed independently? 

For instance, an inflexible way is to define a set of interacting objects (Objects1, Objects2, 

…) by referring to each other directly, leading to many interconnections between them. An 

example of tightly coupled objects is presented in Figure 48. 
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(a) 

 

(b) 

Figure 48. An example of tightly coupled objects: (a) class diagram; (b) sequence diagram. 

 In Figure 48, the tightly coupled objects make it impossible to change the interaction 

independently without changing other objects. Meanwhile, this design pattern has difficulty in 

reusing and testing existing objects because objects are interconnecting with each other tightly. 

 The same problem occurs in the design of the hybrid decision support system. When the 

CBR decision support algorithm is unable to generate the suggestions for farmers, the CBR 

algorithm will request other decision support algorithms for providing the advice. Under this 

circumstance, different decision support algorithms have to communicate with each other, as 

shown in Figure 49. 
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(a) 

 

(b) 

Figure 49. Tightly coupled decision support algorithms: (a) class diagram; (b) sequence diagram. 

 In Figure 49, extra functions have to be implemented if new algorithms are added into the 

framework of the decision support systems, leading to high communication costs. 

5.1.2. Solution of the mediator approach 

The mediator design pattern provides a solution by defining a separate Mediator object that 

encapsulates how a set of objects interact. Instead of interacting with each other directly, the 

communication between objects is controlled by this Mediator object. The class and sequence 

diagrams of the mediator approach are presented in Figure 50. 
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(a) 

 

(b) 

Figure 50. The solution of the mediator approach: (a) class diagram; (b) sequence diagram. 

 In Figure 50, a separate object, Mediator, is defined as an interface for interacting with other 

objects. Meanwhile, a class (Mediator1) is implemented for controlling and coordinating the 

interaction between objects. Owing to the class inheritance, this mediator pattern enables great 

flexibility. For instance, new objects can be added into this design and the interaction behavior of 

existing ones can be changed independently by defining new mediator classes. 



102 

 

 For demonstrating the effectiveness of the mediator pattern and how a mediator works in 

controlling the interaction between several objects, an example is presented and implemented in 

the Python programming language. 

 Firstly, the Mediator interface is defined by abstract base classes, shown in Figure 51. 

 

Figure 51. The Python code of implementing the abstract Mediator interface. 

 In Figure 51, the Mediator interface declares a method used by components to notify the 

mediator about various events. The mediator may react to these events and pass the execution to 

other components. 

 Secondly, the Mediator interface is instanced in Figure 52. 

 

Figure 52. The Python code of implementing the concrete Mediator interface. 

 In Figure 52, two components (conponent1 and component2) are initialized and connected 

to the Mediator interface. Meanwhile, two types of events are specified. If each one of the events 

is triggered, component1 and component2 will execute the assigned tasks accordingly. 

 Thirdly, the base component is implemented in Figure 53. 
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Figure 53. The Python code of implementing the base component. 

 In Figure 53, the base component provides the basic functionality of storing a mediator’s 

instance inside component objects. 

 Fourthly, the two ordinary components are instanced in Figure 54. 

 

Figure 54. The Python code of implementing the ordinary components. 

 In Figure 54, component1 and component2 can execute defined actions when being triggered. 

It is worth mentioning that these concrete components can be enriched by various functionalities 

and they do not depend on other components. These components do not rely on any concrete 

mediator classes as well. 
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Lastly, the main function of the example is implemented, shown in Figure 55. 

 

Figure 55. The Python code of implementing the main function. 

 In Figure 55, two ordinary components are instanced as c1 and c2 respectively. Two tests are 

performed for verifying the mediator pattern design. The test results are presented in Figure 56. 

 

Figure 56. The test result of the mediator implementation. 

In the first test, component1 is triggered for taking the action A. As demonstrated in Figure 

52, if component1 is triggered, component2 is requested to execute the action C. In the second 

test, component2 is triggered for taking the action D. After this action, component1 reacts to the 

mediator for executing the action B and component2 is taking the action C. 
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In conclusion, the Mediator interface is able to coordinate the ordinary components 

effectively and it enables a loosely coupled network. Each ordinary component can execute tasks 

independently. 

5.1.3. Design of the hybrid decision support system with the mediator 

approach 

 In the framework of the proposed DSS, it is promising to introduce this mediator pattern for 

managing the decision support algorithms in case that the CBR algorithm fails to retrieve a 

collection of similar past cases. Considering the combination of various algorithms, a framework 

of the hybrid DSS is proposed in Figure 57. 

 

Figure 57. The framework of a general hybrid decision support system. 

 In Figure 57, the mediator component is put between the algorithm manager and the 

algorithm toolbox. This mediator component is responsible to perform the following tasks. 

• Receiving commands from the algorithm manager. 

• Forwarding the generated decision supports to the algorithm manager. 

• Assigning received missions to the algorithm toolbox. 

• Receiving the generated decision supports from the algorithm toolbox. 

• Responding to failures of generating decision supports. 

• Coordinating the communication between different decision support algorithms. 

By adopting the mediator approach, various decision support algorithms do not need to 

interact with each other directly, instead, the communication is controlled and coordinated by the 
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mediator component. Three situations are considered in the hybrid DSS: (i) the CBR algorithm 

can generate the decision support independently (in Figure 58), (ii) the CBR algorithm fails to 

generate the decision support and requests help from other algorithms (in Figure 59), and (iii) all 

algorithms fail to provide the decision supports (in Figure 60). 

 

Figure 58. The workflow of the hybrid decision support system for situation (i). 

 Figure 58 displays the workflow of the hybrid DSS for the situation that the CBR algorithm 

can generate the decision supports independently. The below steps are followed. 

• Step 1: Inputs are sent to the MMT.  

• Step 2: As a command and control center for planning and supervising the missions, the 

MMT transforms the received inputs into a specific mission. This mission is then sent to the 

algorithm manager component. 

• Step 3: According to the requirements and constraints of the mission, the algorithm manager 

component selects a suitable decision support algorithm and sends a request to the mediator 

component (i.e. starting the CBR algorithm). 

• Step 4: The mediator component sends the command of starting the CBR algorithm and 

passes the mission information to this algorithm for reasoning. 

• Step 5: The CBR algorithm takes the mission information and collected data from cloud and 

external databases as inputs for reasoning. After the decision support is generated, the result 

is returned to the mediator component. 

• Step 6: The mediator component sends the received result to the algorithm manager 

component. 

• Step 7: The algorithm manager component sends the received result to the MMT. 

• Step 8: The MMT displays the final output to the users. 
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For the above situation, the CBR algorithm can solve the new mission independently. 

Therefore, the mediator only communicates with the CBR algorithm and the algorithm manager 

component. Other algorithms do not get involved. 

 

Figure 59. The workflow of the hybrid decision support system for situation (ii). 

 Figure 59 displays the situation that the CBR algorithm cannot complete the mission alone. 

Under this circumstance, other algorithms are supposed to take over the responsibility of 

generating the decision supports. As such, the below steps are followed to achieve the objective. 

• Step 1: Inputs are sent to the MMT. 

• Step 2: The MMT transforms the received inputs into a specific mission. This mission is then 

sent to the algorithm manager component. 

• Step 3: According to the requirements and constraints of the mission, the algorithm manager 

component selects a suitable decision support algorithm and sends a request to the mediator 

component (i.e. starting the CBR algorithm). 

• Step 4: The mediator component sends the command of starting the CBR algorithm and 

passes the mission information to this algorithm for reasoning. 

• Step 5: When the CBR algorithm fails to retrieve a collection of similar past cases, the CBR 

algorithm returns a failure message to the mediator component and requests additional help 

from other algorithms. 

• Step 6: The indicated algorithm receives the request from the mediator component and starts 

the process of generating decision supports. 

• Step 7: The generated decision support is returned to the mediator component. 

• Step 8: The mediator component sends the received result to the algorithm manager 

component. 

• Step 9: The algorithm manager component sends the received result to the MMT. 
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• Step 10: The MMT displays the final output to the users. 

For the above situation, since the CBR algorithm cannot provide an output, other decision 

support algorithms are acting as supplementary components for supporting the CBR algorithm. 

Meanwhile, owing to the presence of the mediator component, the CBR algorithm and other 

supplementary algorithms do not interact with each other directly. All the communication and 

coordination tasks are controlled by the mediator component. 

 

Figure 60. The workflow of the hybrid decision support system for situation (iii). 

 Figure 60 presents the third situation that all algorithms fail to generate the decision supports 

for the given problem. The workflow of this situation is listed as follows. 

• Step 1: Inputs are sent to the MMT. 

• Step 2: The MMT transforms the received inputs into a specific mission. This mission is then 

sent to the algorithm manager component. 

• Step 3: According to the requirements and constraints of the mission, the algorithm manager 

component selects a suitable decision support algorithm and sends a request to the mediator 

component (i.e. starting the CBR algorithm). 

• Step 4: The mediator component sends the command of starting the CBR algorithm and 

passes the mission information to this algorithm for reasoning. 

• Step 5: When the CBR algorithm fails to retrieve a collection of similar past cases, the CBR 

algorithm returns a failure message to the mediator component and requests additional help 

from other algorithms. 

• Step 6: The mediator component requests the Algorithm 2 for generating the decision support. 

• Step 7: The Algorithm 2 sends a failure message to the mediator component. 

• Step 8: The mediator component requests the Algorithm 3 for generating the decision support. 
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• Step 9: The Algorithm 3 sends a failure message to the mediator component. 

• Step 10: The mediator component checks the registered decision support algorithms. If all 

algorithms fail to generate any results, the mediator component sends a failure message to 

the algorithm manager component. 

• Step 11: The algorithm manager component returns the failure result to the MMT. 

• Step 12: The MMT displays the failure result as the output. 

For the above situation, the mediator component confirms with all registered algorithms. If 

all algorithms are unable to generate any results, the mediator component will send a failure 

message to the algorithm manager component. 

Inspired by the Oracle Mediator [265] (See Appendix B), in particular its functionality and 

message exchange patterns, the mediator in this thesis has the following functionalities. 

• Message routing: The mediator can consume a message from one channel and republish it 

to a different channel based on specified conditions. For instance, the algorithm manager 

component would like to start the CBR algorithm in the algorithm toolbox component for 

executing a specific mission. A message should be sent from the algorithm manager to the 

algorithm toolbox through the mediator. 

• Event handling: The mediator can both subscribe and raise events. For instance, after a new 

algorithm is registered, an algorithm-registered event can be generated. 

• Error handling: The mediator supports error handling based on fault policies. For instance, 

if the CBR algorithm fails to generate decision supports, the mediator is able to coordinate 

other algorithms for offering supplementary help. 

• Echo: The mediator is able to echo source messages back to the initial caller after any 

transformations, validations, assignments, or sequential operations are performed.  

Considering the above three situations and four functionalities, the structure of a message 

transmitted between the mediator and other components is defined as “Request-Response-Fault” 

in Figure 61. 

In Figure 61, the header of the message stores the information of the sender, receiver, and 

time stamp. For instance, the sender could be the algorithm manager component and the receiver 

can be any one of the algorithms.  

The request part starts with a request ID, then explains the request information and request 

status (i.e. on-going or complete). The following requests are considered. Registering an 

algorithm. 
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• Unregistering an algorithm. 

• Listing all registered algorithms. 

• Starting an algorithm. 

• Stopping an algorithm. 

• Checking a running algorithm. 

The response part is composed of a response ID and the response information. In general, 

the response information is the generated decision support for the assigned mission. Under the 

circumstance that the specified algorithm fails to provide any results, the response will return a 

failure result. 

The fault part includes a fault ID, a fault type, and a fault reason. The following fault types 

are considered in the hybrid decision support system. 

• Failure of registering an algorithm. 

• Failure of unregistering an algorithm. 

• Failure of listing registered algorithms. 

• Failure of starting an algorithm. 

• Failure of stopping an algorithm. 

• Failure of checking a running algorithm. 

• Failure of generating a decision support. 

 

Figure 61. The structure of the “Request-Response-Fault” message. 

 It is not necessary to fill each block of the message. For instance, when the algorithm 

manager component request to start the CBR algorithm for executing a mission, the CBR 
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algorithm successfully generates the result. Under this circumstance, there are not any errors 

occurred, therefore the values of fault part are left empty (Null values). 

5.2. A preliminary proof of the hybrid concept 

In this section, a preliminary proof of the hybrid concept, namely how the hybrid decision 

support system is envisaged to be useful in the AFarCloud platform, is provided. In particular, 

two decision support algorithms are taken into consideration in this hybrid concept, namely the 

CBR algorithm and an artificial neural network (ANN) algorithm [266]. 

This preliminary proof concerns the situation that UAVs are adopted to execute plant 

protection missions. The objective is to improve the efficiency of agricultural aviation spraying, 

to reduce the use of chemical pesticides, and to increase crop yields by employing both CBR and 

ANN algorithms. The framework of the hybrid decision support system is presented in Figure 62. 

 

Figure 62. The framework of the hybrid decision support system combining CBR and ANN. 

In Figure 62, the mediator is responsible to coordinate the communication between the 

algorithm manager component and the algorithm toolbox component.  

Within the algorithm toolbox component, on the one hand, the CBR algorithm has been 

explained in Section 4, on the other hand, the ANN algorithm is briefly explained in Appendix C. 

In both algorithms, the flight speed (𝑚/𝑠), flight altitude (𝑚), propeller pitch (𝑚), nozzle 

pitch (𝑚), temperature (Celsius), wind speed (𝑚/𝑠), and prescription value (𝐿 ℎ𝑚2⁄ ) are taken as 

inputs, while the droplet deposition (µ 𝐿 ℎ𝑚2⁄ ) is considered as the output. The statistical 

properties of the sample data are shown in Table 17. 
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Table 17. The statistical properties of the sample data. 

Feature name Max Min Mean Standard deviation 

Flight speed 5.22 1.00 3.01 0.9842 

Flight altitude 4.08 1.45 1.92 0.6912 

Temperature 32.00 25.00 28.77 1.7501 

Propeller pitch 1.40 1.20 1.31 0.0991 

Nozzle pitch 0.55 0.45 0.513 0.0380 

Wind speed 3.20 0.01 1.144 0.5853 

Prescription 48.00 5.00 20.50 9.5481 

Deposition 8.86 0.01 5.69 15.7242 

For testing purpose, ten cases are selected from the sample data (100 cases) and their 

recorded deposition values are removed from the solution part of cases. If a similar case can be 

retrieved from the case base, then it is acknowledged that the CBR algorithm can solve the 

problem independently, otherwise, the ANN algorithm is required to offer additional help for 

solving the problem. The reuse, revision, and retention parts are not considered in this preliminary 

proof because the priority task is to retrieve a similar past case. 

Apart from the effectiveness of the CBR and ANN algorithms, the contribution of the 

mediator component is another objective of this preliminary proof. It is important to verify 

whether the mediator component can coordinate the communication between the algorithm 

manager component and the algorithm toolbox component. Therefore, the results of the CBR and 

ANN algorithms are presented in Sections 5.2.1 and 5.2.2 respectively, while the result of the 

mediator component is presented in Section 5.2.3. 

5.2.1. Result of the CBR algorithm 

The CBR algorithm in this preliminary proof is implemented by myCBR [266], which is an 

open-source similarity-based retrieval tool and software development kit (SDK). A new project 

is created in the myCBR workbench, shown in Figure 63. 

In Figure 63, a new project, named “myTest”, is created and a concept, named 

“sprayMission”, is defined. For each attribute, its minimum and maximum boundaries are 

specified. For instance, the attribute “flightAltitude” is defined by the float type and the value 

ranges from 1.45 to 4.08, shown in Figure 64. 
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Figure 63. The new project in the myCBR workbench. 

 

Figure 64. The attribute defined in the myCBR workbench. 

A case base is constructed by 90 past cases in the myCBR workbench, named 

“myTestCaseBase”, shown in Figure 65. In this figure, it displays the number of cases and the 

number of attributes in a case. The information of the variety of each attribute is also included in 

the statistics window. For instance, the nozzle pitch has three values (0.45, 0.5, and 0.55). 

 

Figure 65. The case base in the myCBR workbench. 
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 The weight of each attribute and the similarity measure can be specified by the user, as shown 

in Figure 66. 

 

Figure 66. The configuration of the similarity measure in the myCBR workbench. 

 For executing the retrieval task, the user has to input the query data for each attribute and 

then press the “Start retrieval” button. Then, the retrieval result will be displayed. The retrieved 

similar past cases are listed in descending order. Meanwhile, the attributes of retrieved cases are 

presented. 

 

Figure 67. The retrieval process in the myCBR workbench. 

Conclusively, the CBR algorithm is able to solve the new problem as long as a collection of 

similar past case is retrieved from the case base. Under this circumstance, the response part of the 
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message returns the successful retrieval result and the information of the fault part is filled by null 

values. 

5.2.2. Result of the ANN algorithm 

The ANN algorithm is able to calculate the value of droplet deposition independently as well. 

The software interface is shown in Figure 68. The software is mainly divided into model training 

and deposition prediction parts. Firstly, the model is trained by the collected samples and the BP 

neural network program. Secondly, the user inputs the UAV, pesticide, and environmental 

parameters manually. Thirdly, the saved training model is used for calculating the predicted 

deposition value. Until the error satisfied the preset threshold, the output is generated and returned 

to the algorithm manager component through the mediator component. 

 

Figure 68. The software interface of the ANN algorithm. 

5.2.3. Result of the hybrid concept 

Since the hybrid DSS is implemented in the Python programming language, the structure of 

the message (see Figure 61) is defined in Figure 69. The structures of the request, response, and 

fault parts are shown in Figure 70. 
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Figure 69. The structure of the message implemented by Python. 

 

Figure 70. The structures of the request, response, and fault parts implemented by Python. 

 For starting a spraying mission, a message is sent from the algorithm manager component to 

the algorithm toolbox component, containing the necessary information of the header and main 

body (request, response, and fault). An example of sending the message is shown in Figure 71. 

 

Figure 71. An example of sending the message to the CBR algorithm. 
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 After receiving the message in Figure 71, the CBR algorithm reads the information from the 

request part and executing the required actions (i.e. reading the mission information from the 

database and starting the CBR algorithm for generating the decision support). 

 It is assumed that the CBR algorithm fails to retrieve a collection of similar past cases, and 

therefore the CBR algorithm cannot the complete the assigned mission independently. At this 

time, the CBR algorithm returns the message to the algorithm manager with a failure result. An 

example of returning the message is shown in Figure 72. In this figure, the value of response is 

left empty due to the reason that the CBR algorithm fails to generate the decision support. 

 

Figure 72. An example of returning the failure message from the CBR algorithm. 

After receiving the message shown in Figure 72, the algorithm manager checks the registered 

algorithms to look for a substitution algorithm for completing the mission. If there is an alternative 

algorithm is available, the algorithm manager component sends a new message for executing the 

mission. In this preliminary proof, the alternative is the ANN algorithm. Thus, the algorithm 

manager component sends a new message to the ANN algorithm, as shown in Figure 73. 
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 Figure 73. An example of sending the message to the ANN algorithm. 

After receiving the message in Figure 73, the ANN algorithm reads the information from the 

request part and executing the required actions. As soon as the deposition value is calculated 

successfully, the ANN algorithm returns the response information back to the algorithm manager 

component through the mediator component, shown in Figure 74. 

 

Figure 74. An example of returning the response from the ANN algorithm. 

 In Figure 74, the ANN algorithm obtains the deposition value of 5.71 according to the 

calculation over the mission information. Since there is no error occurred during the calculation, 

the fault part is left empty and returned to the algorithm manager component. 

 Judging from the result of the preliminary proof, the mediator pattern design is able to 

coordinate various components and algorithms within the hybrid DSS. In particular, the mediator 
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component is useful when the CBR algorithm fails to generate the result and requires alternative 

algorithms to offer helps. 
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6 Implementation and 

validation
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    This section shows the implementation of the CBR decision support algorithm. Additionally, 

each step of the CBR algorithm is validated through extensive experiments. The experimental 

results demonstrate that the proposed CBR decision support algorithm is able to achieve great 

improvements than the typical CBR approach. 

6.1. Implementation scope and purpose 

    The scope and purpose is to implement each step of the CBR algorithm, including the 

associated case representation formalism (introduced in Section 4.1), the triangular similarity 

measure (introduced in Section 4.2), the fast case retrieval algorithm (introduced in Section 4.3), 

the learning-based approach for solution reused and revision (introduced in Section 4.4), and the 

associated case retention approach (introduced in Section 4.5). The implementation of the CBR 

algorithm within the DSS is shown in Figure 75. 

 

Figure 75. Implementation scope within the decision support system. 

 It is worth mentioning that the proposed CBR algorithm takes advantage of some existing 

techniques like the feature vector representation and the Euclidean distance measure. In this thesis, 

the newly proposed methods largely extend over the foundations of these existing techniques, 

instead of starting from the scratch.  

6.2. The implementation details 

The proposed CBR algorithm is mainly implemented by the Python programming language. 

Spyder (version 3.3.3) [267], a scientific Python development environment, is adopted for 
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implementation. The Python version in the Spyder environment is 3.7.3, 64-bit for Windows 10. 

A screenshot of this development environment is shown in Figure 76. 

 

 Figure 76. The Spyder development environment. 

6.2.1. Implementation of the associated representation formalism 

The associated case representation formalism is adopted in this thesis for managing the 

content and structure of agricultural cases. This representation formalism follows a “problem-

solution-association” structure. 

For implementation, two approaches are employed to organize these agricultural cases: (i) 

extensible markup language (XML) files, and (ii) comma-separated values (CSV) files. On the 

one hand, the structure of XML-based cases is flexible and the case storage is relatively 

independent. Meanwhile, the node custom function in XML enables to create new cases 

conveniently. An example of the XML implementation is shown in Figure 77. On the other hand, 

the structure of CSV-based cases allows data to be stored in a tabular format. Since the CBR 

algorithm is coded by the Python programming language, libraries like “Numpy” and “Pandas” 

can be used to manipulate the stored past case easily. Furthermore, farmers can read and 

understand data in CSV format without requiring any expertise in knowledge management or 

computer science. An example of the CSV implementation is shown in Figure 78. 
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Figure 77. The associated case representation formalism implemented in XML. 

 

Figure 78. The associated case representation formalism implemented in CSV. 

Four functions are defined by the Python programming language for reading and writing the 

XML and CSV files. 

For reading and writing the XML files, the document object model (DOM) interface, 

“xml.dom.minidom”, is adopted. A DOM application typically starts by parsing XML into DOM. 

The parse function can take either a filename or an open file object. The parsing process is done 

in Figure 79. This figure shows both approaches of using the parse function. The DOM standard 

is briefly introduced in Appendix D. 
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Figure 79. The parse function in the DOM interface. 

Meanwhile, the Document module in “xml.dom.minidom” is used to write new elements and 

their values into the XML files. Figure 80 shows an example of writing XML elements in Python. 

 

Figure 80. The function of writing XML elements in Python. 

In summary, the functions of reading and writing the XML cases are implemented as shown 

in Figure 81. It is noted that “xml.dom” and “xml.dom.minidom” should be imported. 

 

Figure 81. The function of reading and writing XML-based cases in Python. 
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Secondly, for reading and writing cases in the CSV format, two functions are implemented 

as shown in Figure 82. 

 

Figure 82. The function of reading and writing CSV-based cases in Python. 

In Figure 82, the CSV module is imported and this module implements classes to read and 

write tabular data in CSV format. Mainly, the CSV module defines the following two functions. 

• csv.reader(csvfile,dialect=’excel’,**fmtparams): This function returns a reader object which 

iterates over lines in the given CSV files. The csvfile can be any object which supports the 

iterator protocol and returns s string each time. The dialect parameter is optional and used to 

define a set of parameters specific to a particular CSV dialect. The dialect parameter may be 

an instance of a subclass of the Dialect class or one of the strings returned by the 

list_dialects() function. The last parameter in this function, named fmtparams, is optional as 

well. This parameter can be given to override individual formatting parameters in the current 

dialect. 

• csv.writer(csvfile,dialect=’excel’,**fmtparams): This function returns a writer object which 

is responsible for converting the data into delimited strings on the given file-like object. The 

csvfile can be any object with a write() method. The dialect parameter is optional and has the 

same configuration as it defines in the reader() function. The other optional keyword, 

fmtparams, argues that it can be given to override individual formatting parameters in the 

current dialect. 

For constructing the association of past cases, it is necessary to measure the similarity 

between each of them. After obtaining and sorting all the similarity measurements, each case can 

be associated with several similar and dissimilar ones. Though constructing the association is a 

time-consuming process when a large volume of cases is stored, it is still essential to explore the 

relations between past cases. Because this hidden information could be useful for case retrieval. 
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Besides, this construction is a one-time task. The Python code for generating the similar 

association of past cases is presented in Figure 83. 

 

Figure 83. The code of constructing the association implemented in Python. 

In Figure 83, in the first part, the function getTSM(case1,case2) evaluates the proposed 

triangular similarity measurement between two cases. In the second part, all similarity 

measurements are sorted by taking advantage of the NumPy package, in particular, the min() and 

max() functions. Lastly, the sorted results are saved to the original CSV file. For generating the 

dissimilar association, it follows the same procedure. 

6.2.2. Implementation of the triangular similarity measure 

The triangular similarity measure combines the Euclidean distance, the cosine similarity 

measure, and the magnitude of compared vectors. Three functions, named getED, getCosine, and 

getMag, are implemented respectively. For manipulating the vectors, NumPy, a fundamental 

package for scientific computing with Python, is adopted. The codes of implementing these three 

functions are shown in Figure 84. The code of the proposed triangular similarity measure is shown 

in Figure 85. 



127 

 

 

Figure 84. The code of calculating the Euclidean distance, the cosine similarity, and the magnitude 

implemented in Python. 

 

Figure 85. The code of calculating the triangular similarity measure implemented in Python. 

 In Figure 85, The module math is imported, providing access to the mathematical functions 

defined by the C standard. Especially, the exp() function is used. This function returns e raised to 

the power x, where 𝑒 = 2.718281. The exp() function converts the similarity measurements into 

percentile values, which fit human notions better. After inputting the compared two vectors, the 

function getTSM will return the similarity value in percentile. 

6.2.3. Implementation of the fast case retrieval algorithm 

The fast case retrieval algorithm is implemented by the Python programming language as 

well. As explained in Section 4.3, the fast retrieval algorithm takes advantage of the similar and 

dissimilar associations of each past case. 

Firstly, the case files should be loaded to the algorithm. Then, the new case is compared with 

an entry-point case by the triangular similarity measure, shown in Figure 86. 
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Figure 86. The code of comparing the new case and entry-point case implemented in Python. 

 After obtaining the similarity measurement between the new case and the entry-point case, 

the corresponding association is determined based on the number of assigned tokens. In order to 

assign the tokens for the rest of iterations (apart from the entry-point comparison), the following 

codes are implemented in Figure 87, on the basis of the content in Table 8. 

 

Figure 87. The code of assigning tokens implemented in Python. 

 For determining the association in the next iteration, the number of positive and 

negative tokens are taken for comparison. According to the Policy 3 defined in Section 

4.3, the corresponding association is selected, and therefore the past case with the highest 

(or the lowest) similarity measurement is chosen for being compared with the new case, 

shown in Figure 88. 

 

Figure 88. The code of selecting the past case for the next iteration implemented in Python. 



129 

 

 When it happens that all past cases in a single iteration have been already compared, under 

such circumstance, the cases to be compared will be selected from the previous iteration. 

Therefore, for managing those cases which have been compared before, the fast retrieval 

algorithm marks each past case by two types of states: (i) used, and (ii) unused. The initial state 

of each case is unused. After a past case is selected for comparison, its state will become used. In 

the fast case retrieval algorithm, the value “1” denotes that a past case has been used while the 

value “0” denotes that a past case has not been used. An array is defined to store the states of all 

past cases. Meanwhile, an array for storing similarity measurement between the new case and the 

past cases is defined, as well as an array for storing the history of compared cases. For checking 

the availability of unused cases in previous iterations, the following code is implemented in Figure 

89.  

 

Figure 89. The code of retrieving unused past cases implemented in Python. 

 In Figure 89, if all past cases have been used previously (the states of cases are marked by 

the value “1”), then the Python console will print the message “Error: All cases are repeated!”. 

Afterwards, the retrieval algorithm will backtrack unused past case in previous iterations. The 

variable 𝑐𝑜𝑢𝑛𝑡  denotes the current number of iterations, while the variable  𝑖  denotes the 

backtracked rounds. The backtracking process is terminated until an unused past case is 

successfully retrieved. 

 The fast case retrieval algorithm terminates when the maximum iteration number is reached 

or a past case which is identical to the new case is retrieved. 
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6.2.4. Implementation of the learning-based reuse and revision 

The core of the learning-based reuse and revision approach is to detect the difference between 

the features of the new case and past cases. As defined in Equation (19), the difference can be 

measured by the sum of local differences of features. Therefore, the following code is 

implemented in Figure 90. 

 

Figure 90. The code of calculating the difference between cases implemented in Python. 

 In Figure 90, the variables 𝑣𝑒𝑐1  and 𝑣𝑒𝑐2  represent the compared cases, while the 

variable 𝑤 indicates the weight of each feature within the case. It is worth mentioning that the 

compared cases should be normalized before treating as inputs to the function 𝑐𝑎𝑙𝐷𝑖𝑓𝑓(). The 

normalization process in the case retrieval algorithm takes advantage of the package 

sklearn.preprocessing [268]. This package provides several common utility functions and 

transformer classes to change raw feature vectors into a representation that is more suitable for 

the downstream estimators. The code of normalizing the dataset is implemented in Figure 91. 

 

Figure 91. The code of normalizing the dataset implemented in Python. 

 In Figure 91, the function min_max_scaler scales features to lie between a given minimum 

and maximum value, usually between zero and one. 

 After obtaining the difference between the new case and the adaptation case, this difference 

value is recorded, along with the adaptation case, are treated as inputs to the case retrieval 

algorithm for the purpose of identifying a collection of past cases with similar difference. 



131 

 

 The difference of solution between the adaptation case and retrieved past cases is calculated 

as well by adopting the same function 𝑐𝑎𝑙𝐷𝑖𝑓𝑓(), presented in Figure 90. By learning from the 

difference in the solution part of past cases, the solution of the adaptation case can be revised by 

increasing or decreasing the value of features in the solution. The implementation detail is 

presented in Figure 92. 

 

Figure 92. The code of revising the solution of the adaptation case implemented in Python. 

 In Figure 92, the function 𝑟𝑒𝑣𝑖𝑠𝑒𝑆𝑜𝑙𝑢𝑡𝑖𝑜𝑛() is defined. The variable 𝑎𝑣𝑔𝐷𝑖𝑓𝑓  is the 

mean difference of the features within the retrieved past cases. By updating each feature in the 

solution part of the adaptation case, the revised solution is generated and ready for being applied 

to the new case. 

6.2.5. Implementation of the associated case retention approach 

After deciding to retain a learned case, the problem, solution, and association parts of this 

learned case should be added into the case base. This retention process is completed by adopting 

the function 𝑤𝑟𝑖𝑡𝑒𝐶𝑎𝑠𝑒𝐶𝑆𝑉 shown in Figure 82. 

 However, the update of existing associations cannot be directly overwritten in the CSV files. 

Meanwhile, the deletion of a certain past case cannot be completed by the writing functions. 

Therefore, the package “Pandas” is adopted for managing these updates. The manipulation 

process is presented in Figure 93. 
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Figure 93. The process of updating the existing associations in CSV files. 

 In Figure 93, the DataFrame from the package “Pandas” is a two-dimensional size-mutable 

tabular data structure with labeled axes (rows and columns). For generating a data frame from a 

CSV file, the following function CSVtoDF is implemented, as shown in Figure 94. 

 

Figure 94. The code of generating a data frame from a CSV file implemented in Python. 

 After the data frame is generated, the new association can be added accordingly by adopting 

the function updateAssociation, while the old association can be deleted by the function 

deleteAssociation, as shown in Figure 95. 

 

Figure 95. The code of updating associations implemented in Python. 

 In Figure 95, the function 𝑙𝑜𝑐() is adopted for locating the position of desired data, while 

the function 𝑑𝑟𝑜𝑝() is employed for deleting the old association. 
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 Once all manipulations have been completed, the data frame is written back to a new CSV 

file, as shown in Figure 96. 

 

Figure 96. The code of returning the data frame to a new CSV file implemented in Python. 

6.3. The validation results 

As described in Section 3, the CBR decision support algorithm is mainly used by the 

algorithm toolbox component. Due to the fact that the MMT and the algorithm manager are still 

under development and they are also out of the scope of this thesis, the validation of the proposed 

CBR algorithm is carried out by receiving direct commends from users and loading data from 

local repositories, instead of receiving commands from the MMT and loading data from the cloud 

databases. 

The proposed CBR decision support algorithm is employed to manage pest problems. The 

pest considered in the validation is Chilo suppressalis, while the target crop is rice. Totally, 3000 

past cases are stored in the case base and 500 new cases are prepared for tests. The objective of 

the validation is to retrieve a collection of similar past cases from the case base. The solutions of 

retrieved cases are reused and revised to solve the new problems. Lastly, the learned case is 

determined whether it should be retained in the case base or not. Though this CBR decision 

support algorithm is developed within the AFarCloud European research project, the deployment 

of sensors and vehicles has not been fully completed yet. Therefore, simulated data are used 

currently and they are generated within a given range. For instance, judging from the current 

literature [269], the planting density of rice usually ranges from 180 to 525 seeds/m2. The life 

cycle of rice can be categorized by “embryogenesis”, “vegetative”, “ripening”, and “reproductive” 

stages [270], encoded by integers “1”, “2”, “3”, and “4”. The simulated data can be found in [271], 

including the problem part and solution part. The association part is left empty for validation 

purpose. It is assumed that all the information is complete and there are no missing data in both 

new and past cases. 

Each step of the CBR algorithm (including representation, retrieval, reuse, revision, and 

retention) will be validated in the following sub-sections. In order to evaluate the proposed CBR 

algorithm, a typical CBR algorithm is used for comparison. 
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The validation is carried out by using an Intel(R) Core (TM) i5-6200U CPU @ 2.30GHz 

2.40GHz processor, being equipped with a RAM memory of 8.00 GB in a laptop, operating under 

the 64-bit Windows 10 operating system. 

6.3.1. Result of the associated case representation 

The association part is generated by sequentially comparing all past cases with each other. 

Each past case is associated with three similar ones and three dissimilar ones, along with their 

similarity measurements. A part of the similar and dissimilar associations is presented in Tables 

18 and 19 respectively. 

Table 18. Part of the similar association. 

Past Case 1st sim simValue  2nd sim simValue 3rd sim simValue 

1 541 94.53% 588 94.18% 2799 93.17% 

2 981 93.20% 1707 92.68% 1931 91.32% 

3 2107 93.95% 187 89.71% 1946 89.11% 

4 2687 93.85% 1193 93.81% 241 92.15% 

5 2454 97.14% 672 95.65% 2438 94.97% 

… … … … … … … 

2996 2104 92.91% 405 91.34% 2111 90.64% 

2997 644 96.98% 563 95.31% 634 93.70% 

2998 2600 99.50% 311 95.79% 1265 93.52% 

2999 1263 95.41% 246 94.67% 373 94.45% 

3000 78 87.55% 2258 87.15% 553 86.52% 

Table 19. Part of the dissimilar association. 

Past Case 1st dissim simValue 2nd dissim simValue 3rd dissim simValue 

1 1356 6.31% 1465 8.07% 2764 8.15% 

2 2264 7.50% 1446 9.50% 2027 9.89% 

3 2134 6.08% 184 6.67% 1911 7.11% 

4 272 6.89% 2095 7.51% 2990 8.14% 

5 964 17.58% 2470 18.09% 204 18.11% 

… … … … … … … 

2996 1668 10.39% 3000 11.06% 2569 11.79% 

2997 328 12.18% 114 12.30% 1898 12.84% 

2998 328 7.10% 2458 7.76% 1316 8.12% 
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2999 1140 13.44% 1845 13.84% 2134 14.70% 

3000 2863 5.28% 2430 5.49% 548 5.67% 

Owing to the adequate coverage, each past case is associated for at least one time. It is noted 

that a single past case can be associated with others for several times, depending on the similarity 

measurements. For instance, in Table 19, the past case 328 is dissimilarly associated with both 

past cases 2997 and 2998, achieving the similarity measurements of 12.18% and 7.10% 

respectively. However, these dissimilar associations do not guarantee that past cases 2997 and 

2998 are similar with each other. For better demonstration, Figure 97 visualizes the normalized 

values of features in past cases 328, 2997, and 2998. 

 

Figure 97. Data visualization of past cases 328, 2997, and 2998. 

Figure 97 demonstrates that though both past cases 2997 and 2998 are dissimilar to the past 

case 328, they still have a major difference among data like pest stage, infected area, and planting 

density. In fact, the similarity measurement between past cases 2997 and 2998 only reaches 

67.08%. 

However, it is not absolute that the above theory tells the whole story. There exists a 

circumstance that two cases are dissimilar to a single case at the same time, but these two cases 

may be similar with each other. An example is presented in Figures 98-100. For evaluating the 

commonalities among these three cases, the data covariance function, root mean square error 

(RMSE), and mean absolute error (MAE) are used. A smaller value of RMSE and MAE indicates 

that the compared cases have more commonalities. The analytic result of their data covariance is 

presented in Table 20. 
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Figure 98. Data visualization of past cases 19 and 1836. 

 

Figure 99. Data visualization of past cases 19 and 674. 
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Figure 100. Data visualization of past cases 1836 and 674. 

Table 20. Statistical analysis of past cases 19, 1836, and 674. 

Cases Similarity measurement Data covariance RMSE MAE 

(P19, P1836) 19.11% -0.0432 0.5859 0.4917 

(P19, P674) 19.17% -0.0355 0.5729 0.4878 

(P1836, P674) 93.85% 0.1447 0.1815 0.1466 

 

 In Figures 98 and 99, and Table 20, it is identified that past cases 1836 and 674 are both 

dissimilar to the past case 19, reaching the similarity measurement of 19.11% and 19.17% 

respectively. Their values of data covariance are both negative as well, suggesting that past cases 

1836 and 674 are truly dissimilar to the past case 19. This conclusion is also verified through the 

values of RMSE and MAE. However, in Figure 100 and Table 20, the similarity measurement 

between past cases 1836 and 674 reaches 93.85%, and the value of their data covariance is positive. 

In other words, these two cases are highly similar. 

Another interesting fact is that a single past case may appear in the similar association of 

others for more than one time. For example, the past case 984 appeared in the similar association 

of past cases 748 and 749 respectively. The visualization of normalized data of past cases 984, 

748, and 749 is displayed in Figure 101. The analytic result is presented in Table 21. 
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Figure 101. Data visualization of past cases 984, 748, and 749. 

Table 21. Statistical analysis of past cases 984, 748, and 749. 

Cases Similarity measurement Data covariance RMSE MAE 

(P984, P748) 95.76% 0.0890 0.1630 0.1181 

(P984, P749) 95.79% 0.0919 0.1590 0.1060 

(P748, P749) 86.78% 0.0966 0.2422 0.1876 

 In Figure 101 and Table 21, the result shows that past cases 984, 748, and 749 all have great 

commonalities, and their data inflections match with each other. According to the data covariance 

specification, if the covariance value is positive, it means that the distribution of compared cases 

is within the same direction. Meanwhile, a smaller covariance value indicates a closer correlation 

between compared cases. From the result in Table 21, the covariance values are all positive and 

they have a tiny difference. Meanwhile, the values of RMSE and MAE support this conclusion. 

A higher similarity measurement corresponds to a smaller value of RMSE and MAE. 

 As a consequence, two conclusions can be drawn according to the result of above examples. 

• If a past case Px is stored in the dissimilar association of past cases Py and Pz at the same time, 

it is not guaranteed that past cases Py and Pz are similar or dissimilar. 

• If a past case Px is stored in the similar association of past cases Py and Pz at the same time, 

then past cases Py and Pz are potentially similar. 
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This is the reason why the proposed fast case retrieval algorithm tries to compare the 

associated past cases preferentially, instead of traversing all past cases in the case base. Under 

general circumstances, the potential target case usually exists among the association. 

6.3.2. Result of the triangular similarity measure 

The desired output of the evaluation for the triangular similarity measure is the ID of the 

most similar past case and its similarity measurement with the new case. The experiment is 

conducted for 500 times since there are 500 new cases. The fast case retrieval algorithm is not 

used in this sub-section due to the reason that the efficiency of case retrieval is not the main 

concern for evaluating the triangular similarity measure. The validation of the triangular similarity 

measure mainly focuses on the accuracy of the measurement. In this sub-section, the proposed 

triangular similarity measure is compared with the typical Euclidean distance. The simulated data 

of 500 new cases can be found in [272]. It is noted that after retrieving a past case from the case 

base, the learned case is not retained. Consequently, the size of the case base is 3000 for the whole 

time in this sub-section. 

The validation result suggests that the cases retrieved by the proposed TSM differs from the 

result retrieved by the ED in 56 tests. The rest of cases retrieved by both similarity measures is 

the same. Table 22 shows the different past cases retrieved by the TSM and the ED. 

Table 22. Different past cases retrieved by the TSM and the ED. 

New case ID TSM ED New case ID TSM ED 

2 2371  679  262 2783  2350  

23 682  183  271 1674  1204  

26 1301  1560  277 2392  1236  

28 2214  763  286 2759  745  

57 1165  1239  287 749  2989  

67 888  2756 290 1161  2966  

76 461  767  303 1722  2866  

87 1433  2865 314 1262  311  

107 2115  1762 317 2314  85  

113 221  2483  323 2993  2895  

126 2297 2063  344 1077  1168  

134 2  984  353 773  615  

145 1172  68  360 2592  325  

151 552  2776  362 903  2644  
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154 1705  1004  363 730  724  

163 56  1479  371 1744  2525  

169 295  2711  372 2572  2359  

170 315  1463  390 1892  1306  

191 2383  296  396 1819  2108  

192 1372  1614  406 583  746  

197 43 2859 415 2255  401  

199 1769  1214  424 988  862  

206 2257  59  428 141  411  

214 109  2393  430 2457  1475  

218 798  93  439 2972  814  

219 2304  785  452 2257  1572  

231 1609  948  473 682  1025  

245 2487  2969  490 643  2544  

 In Table 22, under the columns of TSM and ED, it shows that these two approaches retrieved 

different past cases. For demonstrating the difference between the retrieval results, two examples 

are picked from these 56 tests. 

 The first example is the new case 57. In this example, the TSM retrieves the past case 1165, 

while the ED retrieves the past case 1239. The features of pest quantity, pest stage, infected area, 

growth stage of crops, planting density, temperature, humidity, rainfall, sunlight, and wind speed 

are displayed by the line charts in Figures 102 and 103. 

 According to the observation, it is determined that the past case 1165 (retrieved by the TSM) 

is more similar to the new case 57 than the past case 1239 (retrieved by the ED). Because the data 

deviation between the new case 57 and the past case 1165 is smaller. Figure 100 shows that though 

most of features in the new case 57 and the past case 1239 are similar, some features like the 

infected area, growth stage of crops, the minimum temperature of the day, and humidity have 

some mismatches. Table 23 displays the result of the statistical analysis between these three cases. 

In Table 23, the data covariance between the new case and past cases are both positive, suggesting 

that the retrieved past cases are similar to the new case. However, the covariance value of the new 

case 57 and the past case 1165 is smaller, indicating a closer correlation between these two cases. 

In conclusion, the past case retrieved by the TSM is more accurate in this example. 
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Figure 102. Data visualization of the new case 57 and the past case 1165. 

 

Figure 103. Data visualization of the new case 57 and the past case 1239. 

Table 23. Statistical analysis of past cases 1165 and 1239. 

Cases Similarity measurement Data covariance RMSE MAE 

(P57, P1165) 94.59% 0.0583 0.4315 0.3273 

(P57, P1239) 93.89% 0.0676 0.6143 0.5081 
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 The second example is the new case 113. In this example, the TSM retrieves the past case 

221, while the ED retrieves the past case 2483. All the features in these three cases are displayed 

in Figures 104 and 105. 

 

Figure 104. Data visualization of the new case 113 and the past case 221. 

 

Figure 105. Data visualization of the new case 113 and the past case 2483. 

 In Figures 104 and 105, it shows that the past cases retrieved by the TSM and the ED are 

both similar to the new case 113. However, the past case retrieved by the TSM fails to match the 

features like the pest quantity and infected area precisely. For analyzing the differences between 

the retrieved cases, the data covariation function is applied and the analysis result is presented in 

Table 24. 
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Table 24. Statistical analysis of past cases 221 and 2483. 

Cases Similarity measurement Data covariance RMSE MAE 

(P113, P221) 95.87% 0.0780 0.4041 0.3340 

(P113, P2483) 94.70% 0.0687 0.3152 0.2612 

 In Table 24, though the similarity measured by the TSM is higher than the value calculated 

by the ED, the covariance value of the new case 113 and the past case 2483 is smaller, suggesting 

a closer correlation between these two cases. In conclusion, the past case retrieved by the ED is 

more accurate in this example. 

 Judging from the above two examples, it is noted that both the TSM and the ED do not 

guarantee that the retrieved past case is the most similar one under certain circumstances. 

Therefore, the data covariance function is applied to all these 56 tests for verifying which 

similarity measure is more accurate. The result is presented in Table 25. 

Table 25. Statistical analysis of 56 tests. 

New case ID TSM   ED New case ID TSM ED 

2 0.0793   0.0848 262 0.1177 0.1074 

23 0.0244   0.0609 271 0.0493 0.0562 

26 0.0578   0.0606 277 0.0432 0.0217 

28 0.0669   0.0680 286 0.0546 0.0565 

57 0.0583   0.0676 287 0.0833 0.0527 

67 0.1106   0.0921 290 0.0912 0.0922 

76 0.1152   0.1256 303 0.1112 0.1492 

87 0.0494   0.0742 314 0.0773 0.1002 

107 0.1239   0.1102 317 0.0559 0.0547 

113 0.0780   0.0687 323 0.0516 0.0607 

126 0.0703   0.0889 344 0.0481 0.0528 

134 0.1305   0.1007 353 0.0361 0.0455 

145 0.1050   0.1273 360 0.0635 0.0469 

151 0.0716   0.0958 362 0.0890 0.0506 

154 0.0716   0.0825 363 0.1329 0.1333 

163 0.0866   0.0875 371 0.0643 0.0693 

169 0.1116   0.0743 372 0.0551 0.0663 

170 0.0792   0.0818 390 0.0872 0.0772 

191 0.0533   0.0725 396 0.0312 0.0328 
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192 0.0577   0.0769 406 0.0617 0.0711 

197 0.0463   0.0633 415 0.0710 0.0908 

199 0.0268   0.0432 424 0.0439 0.0381 

206 0.1106   0.1178 428 0.0814 0.0858 

214 0.0440   0.0507 430 0.1146 0.1165 

218 0.1207   0.1188 439 0.0207 0.0213 

219 0.0715   0.0721 452 0.1049 0.0891 

231 0.0848   0.0647 473 0.0284 0.0629 

245 0.0569   0.0785 490 0.0516 0.0634 

 In Table 25, the columns of TSM and ED display the value of data covariance. A small 

covariance value represents that the compared two cases are more similar. For comparison, The 

TSM can correctly retrieve the most similar past cases for 40 times, however, the past cases 

retrieved by the ED are more accurate in 16 tests. The precision of the TSM and the ED can be 

measured by the confusion matrix in Equation (23). 

Average precision =  
𝑇𝑃

𝑇𝑃+𝐹𝑃
 (%)                     (23) 

where TP denotes true positive and FP denotes false positive. 

 The average precision of the TSM and the ED is presented in Table 26. 

Table 26. The average precision of the TSM and the ED. 

Similarity measure TSM ED 

Average precision 96.80% 92.00% 

 In Table 26, the average precision of the TSM reaches 96.80% (484/500), while the average 

precision of the ED reaches 92.00% (460/500). Thus, the effectiveness and accuracy of the TSM 

is proved through comparative experiments. 

6.3.3. Result of the fast case retrieval algorithm 

In this sub-section, the fast case retrieval algorithm tries to obtain the top three similar past 

cases from the case base. Meanwhile, the proposed fast case retrieval algorithm is compared with 

the typical algorithm which traverses all the past cases in the case base. For evaluating the retrieval 

result, two aspects, retrieval accuracy and efficiency, are considered in the validation. On the one 

hand, retrieval efficiency specifies that the number of compared past cases should be as fewer as 

possible. Because visiting fewer cases means higher retrieval efficiency. Please note that the new 
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cases are not retained in the case base after case retrieval and the association part of each past 

case is not updated during the experiments in this sub-section. Thus, the total times of tests are 

1.5 million (3000 × 500). 

Firstly, retrieval accuracy concerns the average precision of retrieved top three similar cases. 

The confusion matrix is adopted here as well and the average precision follows the same as 

Equation (23) which presented in the previous sub-section. The result is shown in Figure 106. 

 

Figure 106. The average precision of retrieved top three similar and dissimilar past cases. 

In Figure 106, the average precision of retrieved top three similar cases reaches 90.52% 

(1357804/1500000), 82.11% (1231654/1500000), and 75.03% (1125449/1500000). The average 

precision of retrieved top three dissimilar cases reaches 80.39% (1205858/1500000), 79.14% 

(1187119/1500000), and 75.91% (1138655/1500000). The result of the average precision 

demonstrates that the proposed case retrieval algorithm achieves promising retrieval accuracy. 

Under certain circumstances, the proposed case retrieval algorithm fails to retrieve the 

correct top three cases. For instance, the proposed algorithm is sometimes unable to identify the 

most similar past case. The most similar one is missed during runtime due to the limitation of 

retrieving time (iteration number). The second most similar past case usually takes the first 

position instead and is therefore treated as the output. This is also the reason why the second and 

the third similar past cases are not 100% correctly retrieved. However, this is acceptable because 

CBR does not necessarily require the successful retrieval of the most similar cases. All retrieved 

top three similar past cases are not exactly the same as the target one. It is worth noting that apart 

from case retrieval, CBR also adopts the processes of solution reuse and revision. These processes 

are responsible to update the solutions of retrieved past cases for adapting to the current situations. 

Therefore, successfully retrieving the second or the third similar past cases is enough for the CBR 

systems. For supporting this point of view, an example is presented in Figures 107-109, displaying 
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the data visualization of the new case 7 and retrieved top three similar past cases 52, 267, and 646. 

Their data covariance and similarity measurements are given in Table 27. 

 

Figure 107. Data visualization of the new case 7 and the past case 52. 

 

Figure 108. Data visualization of the new case 7 and the past case 267. 
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Figure 109. Data visualization of the new case 7 and the past case 646. 

Table 27. Statistical analysis of the new case 7 and retrieved top three similar past cases. 

Cases Similarity measurement Data covariance RMSE MAE 

(P7, P52) 95.28% 0.0535 0.4849 0.3976 

(P7, P267) 95.14% 0.0677 0.4598 0.4233 

(P7, P646) 95.09% 0.0682 0.4624 0.4569 

In Figures 107-109, it is shown that the retrieved top three past cases are all similar to the 

new case 7. The result from Table 27 also supports that past cases 52, 267, and 646 achieve the 

similarity measurement with the new case at 95.28%, 95.14%, and 95.09% respectively. 

Meanwhile, the value of data covariance is positive, indicating a close correlation between the 

new case and retrieved past cases. The values of RMSE between these cases are similar, so do the 

values of MAE. In other words, there are minor differences between the retrieved top three similar 

past cases. The solutions of all these three cases can be reused and revised. Therefore, retrieval 

accuracy of the proposed fast case retrieval algorithm is proved. 

Secondly, the retrieval efficiency of the proposed retrieval algorithm is evaluated by 

comparing with the typical case retrieval algorithm. Traditionally, the typical case retrieval 

algorithm tries to identify the most similar past cases by traversing the whole case base. As a 

consequence, the number of compared cases in this experiment reaches 3000 in total for a single 

query. Differing from the typical approaches, the proposed case retrieval algorithm takes 

advantage of the association part of each past case, and therefore measures the similarity between 

the new case and associated cases preferentially. From the evaluation perspective, a fewer number 
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of compared cases means greater efficiency of case retrieval. The result of the number of 

compared cases for 1.5 million tests is summarized in Table 28. 

Table 28. The number of compared cases for 1.5 million tests. 

Number of compared cases [800,899] [900,999] [1000,1099] [1100,1199] 

Times 320359 479221 490357 207363 

Proportion 21.36% 31.95% 32.87% 13.82% 

 In Table 28, the result demonstrates that the number of compared past cases ranges from 800 

to 1199 approximately. The fewest number of compared cases is 834, while the largest number is 

1197. The average number of compared cases is around 1047 (1046.95) in a single query. As a 

consequence, compared with the result of typical case retrieval algorithms (by traversing all 3000 

cases), it is proved that the proposed algorithm is able to retrieve similar past cases by fewer 

comparisons. In other words, the proposed algorithm achieves greater retrieval efficiency. 

After successful case retrieval, the solutions of the retrieved past cases can be reused and 

revised to resolve the new problems.  

6.3.4. Result of the learning-based solution reuse and revision 

For verifying the effectiveness of the learning-based reuse and revision approach, 500 past 

case (Case ID 2501-3000) are drawn from the case base, as the test dataset, assigned with new 

case IDs (1-500). For testing purpose, the solution part of the selected 500 cases are removed. 

The rest of the 2500 (Case ID 1-2500) past cases form a new case base. Correspondingly, the 

association part of the 2500 past cases in the new case base differ from those presented in Section 

6.3.1, meaning that the association table is newly generated in this sub-section. It is noted that 

after successful retrieval, reuse, and revision, the learned cases are not retained in the case base. 

In this sub-section, the evaluation of reuse and revision focuses on comparing the revised and the 

original solutions. It is noted that some solutions are left empty in the case base due to the reason 

that the given situation is not suitable for pesticide applications. For instance, the probability of 

rainfall is higher than 90%, which usually leads to low effectiveness of treatment. 

The reuse and revision involve the processing of three features in the solution part of past 

cases, namely (i) pesticide type (“Abamectin-Chlorpyrifos” and “Fipronil”), (ii) prescription 

value (ranging from 0.1632 to 38.7688), and (iii) dilution factor (ranging from 11.80% to 38.81%). 

The first one is a linguistic feature and the latter two are numeric features. 
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For the pesticide type, the revision is considered successful when the revised feature matches 

with the original one. For the prescription value and dilution factor, their deviations between the 

revised and original values are evaluated. 

Regarding the pesticide type, the experimental result demonstrates that the revised solutions 

of 22 cases differ from the original ones, which are listed in Table 29. 

Table 29. Comparison of revised and original pesticide types. 

New case ID Original Revised New case ID Original Revised 

2 AC F 227 F AC 

11 F AC 244 AC F 

23 AC F 267 AC F 

27 AC F 301 F AC 

51 F AC 306 AC F 

55 F AC 348 F AC 

75 AC F 377 F AC 

117 F AC 407 F AC 

141 AC F 420 F AC 

184 AC F 492 AC F 

199 AC F 496 F AC 

 In Table 29, AC represents the application of “Abamectin-Chlorpyrifos”, while F represents 

the application of “Fipronil”. Concluding from this table, among all the 500 tests, the revision 

accuracy is 95.60% (478/500). Since these two pesticides are both appliable to handle the pest 

problems of Chilo suppressalis, even though the revision result in Table 29 may recommend to 

use a different pesticide, these recommendations are not definitely wrong. In other words, the 

CBR system should display the results and ask farmers to make the final decisions. 

 Regarding the numeric features, prescription value and dilution factor, part of the 

experimental results are presented in Tables 30 and 31 respectively.  

Table 30. Comparison of revised and original prescription values. 

New case 

ID 
Original Revised Deviation 

New case 

ID 
Original Revised Deviation 

1 3.9225 3.2757 -16.49% … … … … 

2 3.7666 4.4258 17.5% 492 2.4605 2.4504 -0.41% 
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3 7.7693 7.1214 -8.34% 493 12.7588 12.7894 0.24% 

4 1.7067 1.9203 12.51% 494 16.9055 17.4161 3.02% 

5 3.8409 4.3821 14.09% 495 16.7889 17.7022 5.44% 

6 Null Null 0.00% 496 3.7713 3.5326 -6.33% 

7 1.6006 1.7008 6.26% 497 Null Null 0.00% 

8 4.8451 4.5704 -5.67% 498 1.5257 1.4326 -6.10% 

9 2.3232 2.4305 4.62% 499 6.4773 6.3815 -1.48% 

… … … … 500 Null Null 0.00% 

Table 31. Comparison of revised and original dilution factors. 

New case 

ID 
Original Revised Deviation 

New case 

ID 
Original Revised Deviation 

1 16.15% 17.87% 10.70% … … … … 

2 25.58% 30.42% 18.93% 492 30.39% 34.01% 11.89% 

3 20.51% 21.67% 5.67% 493 29.87% 31.85% 6.61% 

4 25.40% 27.30% 7.48% 494 17.50% 14.03% -19.85% 

5 30.57% 33.48% 9.44% 495 18.11% 21.18% 16.93% 

6 Null Null 0.00% 496 19.58% 16.16% -17.47% 

7 18.46% 15.21% -17.58% 497 Null Null 0.00% 

8 23.04% 24.43% 6.02% 498 25.81% 29.98% 16.15% 

9 15.87% 16.76% 5.61% 499 19.66% 16.91% -14.01% 

… … … … 500 Null Null 0.00% 

 In Table 30, the result of the revised prescription value is promising, with an average 

deviation reaching 9.54% in all 500 tests. The maximum deviation happens in the new case 430, 

reaching 18.91%, while the minimum deviation happens in the new case 287, achieving an almost 

perfect revision (the deviation is 0.12%). These two situations are presented in Figure 110. 
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Figure 110. The best and worst revision result of prescription values. 

 In Table 31, the average deviation of revised dilution factors is approximately 12.92%. The 

maximum deviation happens in the new case 50, reaching 19.97%, while the minimum deviation 

happens in the new case 153, reaching 5.01%. These two situations are presented in Figure 111. 

 

Figure 111. The best and worst revision result of dilution factors. 

An example is given below for demonstrating how the learning-based approach of solution 

reuse and revision works in the CBR system. This example shows how past experiences can be 

reused and revised for solving the new case 1. 

After treating the new case 1 as the input to the CBR system and starting the first retrieval 

task, an adaptation case is retrieved from the case base, along with its stored solution. In this 
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situation, the past case 148 is considered as the adaptation case. The data visualization of these 

two cases is presented in Figure 112, while the analytics result is presented in Table 32. 

 

Figure 112. Data visualization of the new case 1 and the past case 148. 

Table 32. Statistical analysis of the new case 1 and the past case 148. 

Cases Similarity measurement Data covariance RMSE MAE 

(P1, P148) 97.56% 0.0357 0.1370 0.1142 

 From the result in Figure 112 and Table 32, it is determined that the new case 1 and the past 

case 148 have great commonalities in all variables. Their similarity measurement reaches 97.56%, 

while the values of data covariance, RMSE, and MAE are all small, supporting that these two 

cases are similar. The difference value of the new case 1 and the adaptation case reaches  

 Then, the adaptation case (the past case 148) is input to the second retrieval task. By adopting 

the triangular similarity measure, a collection of similar past cases is retrieved from the case base. 

The IDs of these retrieved cases are 115, 689, and 1570. The data visualization of these cases is 

shown in Figures 113-115. The data analytics result of these cases is presented in Table 33. 
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Table 33. Statistical analysis of the past cases 148, 115, 689, and 1570. 

Cases Similarity measurement Data covariance RMSE MAE 

(P148, P115) 96.03% 0.1000 0.1607 0.1001 

(P148, P689) 95.76% 0.1022 0.1611 0.1216 

(P148, P1570) 95.02% 0.1189 0.1699 0.1327 

 

Figure 113. Data visualization of past cases 148 and 115. 

 

Figure 114. Data visualization of past cases 148 and 689. 
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Figure 115. Data visualization of past cases 148 and 1570. 

 From the result in Figures 113-115 and Table 33, the retrieved three past cases are all similar 

to the past case 148. Their similarity measurements all reach above 95.00%, while the values of 

data covariance are all positive. The values of RMSE and MAE suggest the same. 

 As two retrieval tasks have completed, the new case, the adaptation case, and retrieved 

similar past cases are treated as input to the learning component. This learning component tries 

to capture the difference in the problem part of compared cases. The result is presented in Table 

34. 

Table 34. The result of captured difference in the problem part of compared cases. 

Cases V1 V2 V3 V4 V5 V6 V7 V8 V9 V10 V11 Vall 

(N1, P148) 0.08 0 0.09 0 -0.12 0.14 0.14 0.27 0.20 -0.07 0 0.76 

(P148, P115) 0 0 0.01 0 -0.13 -0.14 0 0.19 0.16 0.03 0.43 0.55 

(P148, P689) -0.12 0 -0.20 0 -0.10 -0.14 0 0.34 0.04 -0.04 -0.14 0.70 

(P148, P1570) 0.01 0.33 0.08 0 -0.19 -0.14 -0.14 0.09 0 -0.18 -0.29 0.68 

 Judging from the result in Table 34, it is determined that the difference between the new case 

1 and the past case 148 is similar to that between past cases 148 and 689. Therefore, the learning 

component tries to capture the pattern how the solution of the past case 689 adapts to solve the 

past case 148, and then applies this pattern to update the solution of the past case 148. 
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 In past cases 148 and 689, the type of the applied pesticide is both Fripronil. Therefore, this 

variable does not need any revisions. In regards to the prescription and dilution factor, these values 

are presented in Table 35. 

Table 35. The values of prescription and dilution factor in past cases 148, 115, 689, and 1570. 

Cases Pesticide type Prescription Dilution factor 

P148 Fripronil 2.2885 18.64% 

P689 Fripronil 5.3213 17.93% 

 In Table 35, for updating the prescription value, the solution of past case 689 decreases by 

3.0328, while the dilution factor increases by 0.71%. Referring to the difference comparison 

between the new case and the adaptation case, it is concluded that for adapting to the new case, 

the prescription value in the adaptation case should increase, while the dilution factor should 

decrease. Therefore, the calculation result is presented in Table 36. 

Table 36. The result of revising the solution for adapting to the new case. 

 Pesticide type Prescription Dilution factor 

Original Fripronil 3.9224 16.15% 

Revised Fripronil 3.4671 15.50% 

 In Table 36, the deviation of revised prescription value is approximately 11.61%, while the 

deviation of revised dilution factor reaches around 8.37%. Concluding from the revision result of 

pesticide type, prescription value, and dilution factor, the proposed learning-based reuse and 

revision approach is proved effective and accurate. 

6.3.5. Result of the associated case retention 

In this sub-section, the same 500 new cases and the same 3000 past cases which presented 

in Section 6.3.2 are employed. It is noted that the new case is determined to be retained in the 

case base after successful retrieval, reuse, and revision. If the new case is going to be retained, 

then the association of both new and past cases will be updated accordingly. Since there are 500 

new cases for testing, the experiment is performed for 500 times. In each test, the past case 1 is 

selected as the entry point for comparison at the initial iteration. 

The experimental result demonstrates that 30 new cases are not retained in the case base 

because the similarity measurements between these cases and existed ones reach beyond threshold. 

These 30 new cases are listed in Table 37. 
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In Table 37, it is worth mentioning that the deletion strategy is applied to new cases 138 and 

399 due to the reason that these two cases have great commonalities with newly retained cases 

3057 and 3185 respectively. The rest of unretained cases is all similar to the past cases which 

have been already stored in the case base. 

Table 37. List of unretained new cases. 

Unretained 

case ID 
Cause 

Unretained 

case ID 
Cause 

N1 Sim (N1, P158) = 98.35% N183 Sim (N183, P542) = 98.96% 

N4 Sim (N4, P2210) = 98.65% N190 Sim (N190, P2468) = 98.73% 

N27 Sim (N27, P1380) = 98.14% N307 Sim (N307, P460) = 98.25% 

N53 Sim (N53, P2361) = 98.02% N324 Sim (N324, P547) = 98.27% 

N81 Sim (N81, P2943) = 98.45% N365 Sim (N365, P1440) = 98.18% 

N82 Sim (N82, P1944) = 99.56% N367 Sim (N367, P84) = 98.44% 

N84 Sim (N84, P1326) = 98.16% N376 Sim (N376, P1353) = 98.41% 

N88 Sim (N88, P411) = 98.14% N399 Sim (N399, P3185) = 98.58% 

N91 Sim (N91, P299) = 98.80% N411 Sim (N411, P2237) = 98.51% 

N99 Sim (N99, P196) = 98.29% N437 Sim (N437, P921) = 99.30% 

N102 Sim (N102, P2921) = 99.28% N447 Sim (N447, P1095) = 99.07% 

N125 Sim (N125, P1551) = 98.35% N459 Sim (N459, P388) = 98.33% 

N138 Sim (N138, P3057) = 98.06% N476 Sim (N476, P1358) = 98.13% 

N150 Sim (N150, P324) = 98.49% N486 Sim (N486, P2069) = 98.68% 

N162 Sim (N162, P1883) = 98.77% N496 Sim (N496, P372) = 99.07% 

 For verifying the updated association of cases, the times of updates in both similar and 

dissimilar associations are counted, shown in Figure 116. 
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Figure 116. Times of updates in the association of past cases. 

 In Figure 116, updates in the association of past cases are counted 2594 in total, 43.71% 

happens in updating the similar association, while 56.29% in updating the dissimilar association. 

For retaining a learned case, the average number of updates is approximately 6 times (5.52 times). 

 The similar and dissimilar association of newly retained cases are considered. The result is 

presented in Tables 38 and 39 respectively. 

Table 38. Part of the similar association of newly retained cases. 

Past Case 1st sim simValue  2nd sim simValue 3rd sim simValue 

3001 679 94.91% 555 94.19% 2371 94.11% 

3002 1398 96.78% 3423 96.03% 1956 95.82% 

3003 539 94.56% 1266 92.82% 2799 91.31% 

3004 1119 95.17% 3400 94.83% 365 94.40% 

3005 1135 94.69% 386 94.51% 53 93.29% 

… … … … … … … 

3466 33 96.31% 3253 93.46% 3252 93.26% 

3467 542 94.78% 1846 94.76% 3183 94.36% 

3468 2199 97.38% 2167 94.12% 782 93.45% 

3469 2523 96.24% 2860 95.84% 2749 93.84% 

3470 2995 95.91% 2882 94.79% 2042 94.14% 
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Table 39. Part of the dissimilar association of the newly retained cases. 

Past Case 1st dissim simValue 2nd dissim simValue 3rd dissim simValue 

3001 1845 12.07% 2095 12.75% 685 13.03% 

3002 2807 18.75% 2095 20.83% 490 21.70% 

3003 2396 11.95% 2745 13.27% 1132 13.36% 

3004 1217 14.72% 1557 14.93% 2863 15.11% 

3005 38 14.48% 3478 14.69% 1663 14.82% 

… … … … … … … 

3466 1278 16.07% 3308 16.48% 2990 18.00% 

3467 2774 10.81% 1079 13.97% 2027 14.17% 

3468 3472 11.35% 3309 11.44% 674 12.75% 

3469 2095 7.21% 564 9.39% 396 10.57% 

3470 3218 13.61% 3434 13.77% 1239 13.92% 

 In total, 470 newly retained cases have their own similar and dissimilar associations, which 

means that the update of associations is successful. 

 At last, for those unretained cases, two examples (new cases 1 and 4) are selected and the 

data visualization of these cases is presented in Figures 117 and 118. 

 

Figure 117. Data visualization of the new case 1 and the past case 158. 
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Figure 118. Data visualization of the new case 4 and the past case 2210. 

In Figures 117 and 118, it is shown that the new cases and past cases are extremely similar 

in both situations. Therefore, it is unnecessary to replace the old past cases with the new cases, 

since these new cases offer similar contributions as the old ones provide. The cost of retaining an 

unnecessary case is high due to the reason that the corresponding similar and dissimilar 

associations existed in the case base have to be updated as well. However, this update does not 

add useful knowledge in the case base. Meanwhile, retaining unnecessary cases may reduce the 

competence of the case base, leading to low retrieval performance. 
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7 Conclusion and 

future work
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    This chapter summarizes the main achieved contributions. This thesis mainly concentrates on the 

research of the decision support system for smart agriculture. This decision support system is enabled 

by an artificial intelligence technique, named case-based reasoning. The purpose of this thesis is to 

improve each step within the case-based reasoning approach as much as possible, including 

representation, retrieval, reuse, revision, and retention. Meanwhile, for enhancing the robustness of the 

case-based reasoning enabled decision support system, a hybrid decision support mechanism is 

proposed by taking advantage of the improved case-based reasoning approach and artificial neural 

networks. Apart from summarizing the contributions achieved in this thesis, the future work in the 

research area of decision support is presented, including how each step within the case-based reasoning 

approach can be further improved. Though the specific problem this thesis tried to address is only a 

small fraction among the issues that many researchers are studying on, the proposals presented in this 

thesis could be considered as novel trials of the case-based reasoning approach and decision support 

methods for the upcoming area of smart agriculture. The results presented in this thesis could be helpful 

for those researchers who are interested in similar problems. 

7.1. Conclusion 

    The DSS is an important enabler to assist farmers in managing farming operations effectively and 

profitably. Delivering a DSS for smart agriculture in the AFarCloud project is the ultimate objective of 

this thesis. The proposed CBR enabled DSS is explained in detail and its performance is evaluated by 

simulation in different scenarios. The main contributions of this thesis are summarized as follows. 

• Concluding from the review on the agricultural evolution (from Agriculture 1.0 to 4.0), it is 

determined that smart agriculture needs the help of advanced technologies to boost agricultural 

productivity and allocate various resources under a reasonable manner. Therefore, a DSS is 

beneficial for smart agriculture due to the reason that it can utilize the explosive amount of 

environmental, crop-related, and economic data, and transfer these data into practical knowledge 

for managing farming operations. Meanwhile, in Section 2, both optimization-based and reasoning-

based DSSs are surveyed, and it is concluded that the reasoning-based approach, in particular the 

CBR approach, is more suitable for building a DSS for the AFarCloud platform. 
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• The framework of the DSS in the AFarCloud platform is defined, consisting of an algorithm 

manager and an algorithm toolbox. On the one hand, the algorithm manager is linked to the MMT 

for receiving new missions and forwarding the generated decision supports. Meanwhile, the 

manager component is responsible to configure available algorithms like starting, checking, and 

stopping an algorithm. On the other hand, the algorithm toolbox is used to register the decision 

support algorithms and provide the access to the databases and services. Most importantly, the 

toolbox component can generate and forward the decision supports to the algorithm manager. The 

proposed DSS framework has great scalability, interoperability, and robustness. 

• For improving the performance of the CBR enabled DSS, the following contributions are achieved 

in this thesis. 

o Proposal of an associated case representation formalism: This formalism contains the similar 

and dissimilar associations between past cases, enabling to compare potential similar cases 

preferentially, instead of comparing all the cases in the case base. Therefore, the proposed 

representation formalism provides a solid foundation for improving the efficiency of case 

retrieval. 

o Proposal of a triangular similarity measure: This similarity measure achieves great retrieval 

accuracy and robustness by taking advantage of the cosine similarity and the Euclidean distance 

measures when evaluating the similarity between two N-dimensional vectors. In particular, the 

magnitude differences between compared vectors are taken into consideration. 

o Proposal of a fast case retrieval algorithm: This algorithm aims at retrieving a collection of 

similar past cases for the CBR system. Owing to the adoption of the associated case 

representation formalism, the case retrieval algorithm is able to determine the similar past cases 

with promising accuracy and efficiency. 

o Proposal of a learning-based approach for solution reuse and revision: This approach tries to 

identify the difference between the compared cases. The revision can be considered as a situation 

and action pair. The situation part captures the difference, while the action part updates the 

retrieved solution of the adaptation case into the target solution for solving the new problem. This 

learning-based approach is able to make the most use of the case base by learning from past 

experiences, and therefore provide a satisfied revision result for the CBR system. 
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o Proposal of an associated case retention approach: The general addition and deletion strategies 

for retaining learned cases are both concerned. Meanwhile, the retention approach considers to 

update the existing associations and generate new associations for the learned cases.  

• The improvements of the whole CBR loop, including representation, retrieval, reuse, revision, and 

retention, are verified through experiments. The experimental result shows that the improved CBR 

algorithm is able to provide users with accurate and quick decision supports to manager farming 

operations, compared with typical CBR approaches. 

• A hybrid DSS for the AFarCloud platform is designed. In this hybrid mechanism, two decision 

support algorithms (CBR and ANN) are both considered. The interaction between these two 

algorithms is coordinated by the mediator component. Based on the result of the preliminary proof, 

it is concluded that the mediator component is able to coordinate various components and 

algorithms within the hybrid DSS for the AFarCloud platform. In particular, the mediator 

component is useful when the CBR algorithm fails to generate decision supports and requires 

alternative algorithms to offer helps. 

7.2. Future work 

    This section discusses several challenging issues that are expected to be addressed in the future 

research. Based on the above conclusions and considering the limitations of the current work, future 

research can be carried out in the following areas: (i) the approaches and algorithms proposed in this 

thesis can be further improved or can be applied to different scenarios, and (ii) the issues which are not 

taken into consideration in this thesis can be investigated in the future. 

• For the proposed approaches and algorithms: 

o Regarding the associated case representation formalism, the problem of storing past cases is 

not thoughtfully considered. As indicated in Section 4.1, a single past case can be associated for 

multiple times, which surely leads to waste of storage memory. Therefore, it is promising to 

introduce the pointer concept from the object-oriented representation formalism for avoiding 

storing redundant information. Meanwhile, applying the proposed formalism to a large-scale case 
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base is a challenging task due to the reason that the number of associations should be increased 

as the size of the case base becomes larger. 

o In terms of the triangular similarity measure, it is proved to work well on numeric features. 

However, it is worth exploring its applicability to linguistic and fuzzy features. Agricultural cases 

usually contain various features, not only numeric ones. Therefore, adapting the proposed 

measure to evaluate the similarity between hybrid features is the next step. Meanwhile, precisely 

determining the weight for each feature is very important. Each feature does not offer equal 

contributions when retrieving the similar past cases. Thus, the features which contribute the most 

should be assigned with higher weights. 

o In terms of the fast case retrieval algorithm, it may not guarantee the converge under the 

circumstance all selected past cases for the current iteration had already been compared. As 

indicated in Section 4.3, the proposed algorithm will roll back to previous iterations to find an 

unused past case for comparisons. However, this process may result in oscillating between similar 

and dissimilar cases without converting to a solution. Therefore, designing a proper roll-back 

mechanism is crucial for the performance of the proposed retrieval algorithm. 

o In terms of the learning-based reuse and revision approach, on the one hand, it is essential to 

understand the features of the adaptation space for different domains. Therefore, the adaptation 

tasks can adopt the appropriate learning algorithms. On the other hand, a suitable representation 

of possible adaptation problems would be helpful, in particular, for those problems where minor 

differences do not require adaptation. 

o In terms of the associated case retention approach, it lacks consideration of the updating cost. 

As mentioned in Section 4.5, the retention process considers both the updates for existing 

associations and for newly learned cases. If a learned case is going to replace a past case, those 

associations of other cases which contain this past case should be updated as well, leading to a 

high updating cost. 

• For the issues which are not taken into consideration in this thesis: 

o Due to the fact that other components in the AFarCloud platform are still under development, 

the validation of the proposed CBR-based DSS adopts simulated data. Integrating with other 

component and using data from real fields for verification should be carried out in the near future. 
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Meanwhile, it would be also interesting to consider if the developed algorithm does not achieve 

expected performance over the data collected from the field. Under this circumstance, it is worth 

looking into the process of data pre-processing and the selection of appropriate features. 

o Though the example used in this thesis is mainly about the pesticide applications, it is 

promising to apply the CBR algorithm to other agricultural activities like irrigation, fertilization, 

harvesting, etc. Furthermore, this proposal may also be appliable in other research fields like 

smart city and smart industry. 

o The hybrid decision support mechanism proposed in this thesis only adopted two algorithms. 

However, it is possible to integrate with more algorithms for managing various farming 

operations. As more algorithms are involved in the hybrid mechanism, the decision support 

system would be able to solve more complex problems and achieve better performance. 

o Maintaining the case base is not thoughtfully considered in this thesis, i.e. the size of the case 

base and its relationship between the number of associated cases. It is widely acknowledged that 

the competence of the case base is a key factor in the case-based reasoning system and it would 

affect the performance of retrieval, reuse, and revision steps. 
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Appendix A 

The Iris plant dataset is a classic and very easy multi-class classification dataset. The detail of this 

dataset is listed in Table 40. 

Table 40. Characteristics of the Iris plant dataset. 

Characteristics Content 

Number of instances 150 

Number of classes 3 (50 instances in each class) 

Number of attributes 4 numeric features 

Name of classes 

Iris-Setosa 

Iris-Versicolour 

Iris-Virginica 

Name of Attributes 

Sepal length (cm) 

Sepal width (cm) 

Petal length (cm) 

https://doi.org/10.3390/agriculture10090387
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Petal width (cm) 

Missing attributes None 

The user guide for this Iris plant dataset is provided in Table 41. 

Table 41. User guide for the Iris plant dataset. 

Parameters: 

return_X_y: Boolean, default=False. 

If True, returns (data, target) instead of a Bunch 

object. See below for more information about the 

data and target object. 

Returns: 

data: Bunch 

Dictionary-like object, the interesting attributes are: 

‘data’, the data to learn, ‘target’, the classification 

labels, ‘target_names’, the meaning of the labels, 

‘feature_names’, the meaning of the features, 

‘DESCR’, the full description of the dataset, 

‘filename’, the physical location of iris csv dataset 

(added in version 0.20). 

(data, target): tuple if return_X_y is True 

New in version 0.18. 

The Iris plant dataset can be displayed in Figure 119. 
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(a) 

 

(b) 

Figure 119. Data visualization of the Iris plant dataset: (a) visualization of the first two features (sepal 

length and sepal width); (b) visualization of the first three features (sepal length, sepal width, and petal 

length). 
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 For accessing the instances in the Iris plant dataset and obtaining their names of classes, the 

following example is given in Figure 120. 

 

Figure 120. An example of accessing the Iris plant dataset. 

Appendix B 

The Oracle Mediator is a service component of the Oracle SOA Suite that provides mediation 

capabilities like selective routing, transformation, and validation capabilities, along with various 

message exchange patterns like synchronous, asynchronous, and event publishing or subscriptions. As 

a lightweight framework, the Oracle Mediator mediates various components within a composite 

application. Meanwhile, it can convert data to facilitate communication between various interfaces 

exposed by different components. Generally, the following primary functions are considered in the 

Oracle Mediator. 

• Content-based and header-based routing: The Oracle Mediator enables to define rules based on 

the message payload or message headers. Actions (like routing and delivering data to a database) 

can be specified according to the elements or attributes from the message payload or the message 

headers. 

• Synchronous and asynchronous interactions: The Oracle Mediator supports both synchronous 

and asynchronous request and response interactions. In a synchronous interaction, the client can 

request a service and then wait for a response to this request. In an asynchronous interaction, the 

client can invoke a service without waiting for a response to this request and then specify an action 

(like raising an event or starting a process) after an indicated timeout period. 
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• Sequential and parallel routing of messages: The Oracle Mediator provides the configuration of 

executing routing rules either in parallel or in sequence. 

• Message resequencing: When incoming messages arrive in a random order, the Oracle Mediator 

is able to order the messages based on the sequential or chronological information and then send 

the message to the target services in the correct order. 

• Data transformation: The Oracle Mediator offers the possibility of interchanging data among 

applications that use different schemas. For instance, a comma-delimited file can be converted into 

a database table structure. 

• Payload validation: The Oracle Mediator can validate the incoming message payload by using a 

Schematron or an XSD file. 

• Java callouts: The Oracle Mediator permits to add Java codes with regular expressions to the 

routing rules. 

• Event handling: The Oracle Mediator can both subscribe to and raise an event when a situation of 

interest occurs. 

• Dynamic routing: The Oracle Mediator can separate the control logic of a process from the 

execution of the process. The control logic determines the path taken by the process through the 

Mediator Editor. 

• Error handling: The Oracle Mediator supports both manual error handling and error handling 

based on fault policies. A fault policy is composed of conditions and actions, where the conditions 

indicate the action to be carried out for a particular error condition. 

• Sending messages back to the caller (Echo): The Oracle Mediator can echo source messages back 

to the initial caller after any transformations, validations, assignments, or sequencing operations 

are performed. 

• Multiple part messages: The Oracle Mediator can process messages that consist of multiple parts. 

For instance, some remote procedure call (RPC) web services contain multiple parts in the SOAP 

message. 

For maintaining the above-mentioned functionalities, it is necessary to understand the message 

exchange patterns of the Oracle Mediator. Some common message exchange patterns between the 

Oracle Mediator service component and other applications include (i) one-way message exchange 
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patterns, (ii) request-reply message exchange patterns, (iii) request-reply-fault message exchange 

patterns, (iv) request-callback message exchange patterns, (v) request-reply-callback message exchange 

patterns, and (vi) request-reply-fault-callback message exchange patterns. 

All these six exchange patterns have default configurations of handling responses, faults, and 

callbacks by Oracle JDeveloper when a routing rule is created. The following points are applicable to 

all exchange patterns. 

• When a response, fault, or callback is sent back to the caller, it is also possible to route the same 

message to a different target service or event by clicking the button next to the target and selecting 

a different target. 

• When the caller of the Mediator expects a response, one or more routing rules may route the request 

to a target that does not return a response, but there should be at least one sequential routing rule 

that returns a response. 

• When there are multiple routing rules in a request-response pattern with multiple rules sending a 

response back to the initial caller, the first response that is received is the one delivered to the caller. 

The other responses are ignored. Thus, the routing rules that send the response should precede other 

routing rules that forward the response (if any). 

For demonstrating how the message exchange patterns work, the one-way message exchange 

patterns are explained in the following. 

In a one-way interaction, the Oracle Mediator is invoked but it does not send a response back to 

the caller. Depending on the type of routing rule target, the responses, faults, and callbacks are handled 

as shown in Table 42. The one-way messages exchange pattern is presented in Figure 121. 

Table 42. Responses when the Oracle Mediator adopts the one-way interaction. 

Routing rule target type Response 

Request No response. 

Request-Response Response is forwarded to another target or event. 
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Request-Response-Fault 
Response and fault are forwarded to another target 

or event. 

Request-Callback Callback is forwarded to another target or event. 

Request-Response-Callback 
Response and callback are forwarded to another 

target or event. 

Request-Response-Fault-Callback 
Response, fault, and callback are forwarded to 

another target or event. 

 

Figure 121. The one-way message exchange pattern. 

Appendix C 

The artificial neural network (ANN) is a computing system inspired by the biological neural 

networks that constitute animal brains. The ANN tries to perform tasks by considering samples without 

being programmed with task-specific rules. A typical application of the ANN is image recognition and 

classification. In general, an ANN is on the basis of a collection of connected units or nodes called 

artificial neurons, enabling to transmit a signal to other neurons. Depending on the complexity of the 

system, the neural network is capable of processing information by adjusting the interconnection 

between several internal nodes. 
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The structure of the neural network used in the preliminary proof is a three-layer error back 

propagation (BP) neural network. The trained BP neural network is able to process the input information 

of similar samples and transform it nonlinearly with the minimum output error. The topological 

structure of a BP neural network is presented in Figure 122. The neural network includes three hidden 

layers between the input and output layers. 

 

Figure 122. The topological structure of a BP neural network. 

 In Figure 122, the involved parameters are listed as follows. 

• 𝐼1– 𝐼8 denote the input layer neurons. 

• 𝐻1–𝐻𝑛 and 𝐻′′1–𝐻′′𝑛 denote the hidden layer neurons. 

• 𝑛 denotes the number of the hidden layer neurons. 

• 𝑦 denotes the output layer neuron. 

• 𝑊𝑘𝑛 denotes the weight between the 𝑘-th node of the input layer and the 𝑛-th node of the hidden 

layer. 

• 𝑏𝑖𝑛 denotes the bias between the 𝑖-th node of the input layer and the 𝑛-th node of the hidden layer. 
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• 𝑏𝑘𝑛 denotes the bias between the 𝑘-th node of the hidden layer and the 𝑛-th node of the hidden 

layer. 

• 𝑊𝑛 denotes the weight between the 𝑛-th node of the hidden layer and the output layer. 

• 𝑏𝑛 denotes the bias between the 𝑛-th node of the hidden layer and the output layer. 

The BP neural network is a computing model with a learning function with the objective of 

obtaining the relation between the input and output from the training samples. The training process 

consists of two steps: (i) signal positive spread, and (ii) error BP. The samples are transferred from the 

input layer to the hidden layer and processed to the output layer. The error is computed by comparing 

the actual value. If the actual output satisfies the error range, the output will be obtained. Otherwise, the 

error will return to the input layer through the hidden layer. Under this circumstance, the weight and 

bias of all input neurons will be adjusted until the error is reduced within the given range. As mentioned 

in Section 5.2, the flight speed (𝑓𝑠 ), flight altitude (𝑓𝑎 ), propeller pitch (𝑝 ), nozzle pitch (𝑛𝑝 ), 

temperature (𝑡), wind speed (𝑤𝑠), and prescription value (𝑣) are taken as input, while the droplet 

deposition is taken as the output. The pseudo code of the BP neural network is shown in Table 43. 

Table 43. The pseudo code of the BP neural network. 

Algorithm: The BP neural network 

Definition: 

Input layer neurons (𝑥𝑖) 

The number of input layer neurons (𝑛) 

The hidden layer neurons (𝐻𝑗, 𝐻′𝑗, 𝐻′′𝑗) 

The number of input layer neurons (𝑘) 

The output layer neurons (𝑦) 

Initialization: 

Initialize all weights and biases in the network. 

Main body: 

for 𝑖 in range (1, 𝑛) do 

    𝑥8 = (𝑓𝑠, 𝑓ℎ, 𝑝, 𝑛𝑠, 𝑡, 𝑤𝑠, 𝑣) 
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    𝑦 = (𝑑) 

    𝑥𝑖 = 𝑋(𝑥𝑖) 

End 

for 𝑗 in range (1, 𝑘) do 

    for 𝑡 in range (1,3) do 

        𝐻𝑗 = ∑𝑊𝑖𝑗𝑥𝑖 + 𝑏𝑗 

        𝐻′𝑗 = ∑𝑊′𝑖𝑗𝐻𝑗 + 𝑏′𝑗 

        𝐻′′𝑗 = ∑𝑊′′𝑖𝑗𝐻′𝑗 + 𝑏′′𝑗 

        𝑦0 = 𝑔(𝐻′′𝑗) 

    end 

end 

for all j in range (1, 𝑘) do 

    𝐸 =
∑𝑒𝑗

2

2
 

    if (𝐸 > 𝐸𝑟𝑟𝑜𝑟) do 

        𝑊𝑖𝑗 = 𝑊𝑖𝑗 + α𝐻𝑗𝑒𝑗 

        𝑏𝑗 = 𝑏𝑗 + β𝑒𝑗 

    return 𝑖 = 1 

    else 𝑦 = 𝑦0 

end 

For the ANN application in the variable spray system for crop protection, the flow chart is 

presented in Figure 123. 
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Figure 123. The flow chart of the variable spray system. 

 In this spray system, the flight speed, flight altitude, and positioning information of the UAVs are 

obtained by using the global positioning system (GPS). The prescription value of the current position 

is determined by matching the position of the UAV with that of the prescription map. Environmental 

parameters like temperature and wind speed are collected by sensors. After information fusion, the 

information is taken as inputs to the BP neural network to predict the deposition. The flow rate of the 

spraying is acquired by combining the flight speed of the UAV with the predicted deposition value. 

Lastly, a pulse width modulation square wave is generated to complete the process of flow rate 

regulation. 

Appendix D 

The “xml.dom.minidom” module is essentially a DOM 1.0-compatible DOM with some DOM 2 

features (primarily namespace features). The usage of the DOM interface in Python is straight-forward. 

The following mapping rules apply. 

• Interfaces are accessed through instance objects. Applications should not instantiate the classes 

themselves; they should use the creator functions available on the Document object. Derived 

interfaces support all operations (and attributes) from the base interfaces, plus any new operations. 

https://docs.python.org/3/library/xml.dom.minidom.html#module-xml.dom.minidom


 

178 

 

• Operations are used as methods. Since the DOM uses only in parameters, the arguments are passed 

in normal order (from left to right). There are no optional arguments. void operations return None 

values. 

• Interface definition language (IDL) attributes map to instance attributes. For compatibility with the 

object management group (OMG) IDL language mapping for Python, an attribute foo can also be 

accessed through accessor methods (“_get_foo()” and “_set_foo()”). The readonly attributes must 

no be changed and this is no enforced at runtime. 

• The types short int, unsigned int, unsigned long long, and boolean all map to Python integer objects. 

• The type DOMString maps to Python strings. “xml.dom.minidom” supports either bytes or strings, 

but will normally produce strings. Values of type DOMString may also be None where allowed to 

have the IDL null value by the DOM specification from the W3C. 

• const declarations map to variables in their respective scope. 

• DOMException is currently not supported in “xml.dom.minidom”. Instead, “xml.dom.minidom” 

uses standard Python exceptions such as TypeError and AttributeError. 

• NodeList objects are implemented using Python’s built-in list type. These objects provide the 

interface defined in the DOM specification, but with earlier versions of Python they do not support 

the official API. They are, however, much more “Pythonic” than the interface defined in the W3C 

recommendations. 
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