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1.  Introduction 

Adapting to a changing environment is one of the main problems of 

autonomous robots. Industrial collaborative robots and cobots (collaborative 

robot, cobot) [1] are working in a permanent environment, performing a specific 

task. Companion robots, on the other hand, operate in a changing environment, 

where unfamiliar situations may arise for them. Adaptation to various situations 

is facilitated by behavior-based control lean on ethological models. [2] and [3] 

Ethological models were created based on the observation of the 

behavior of living beings. For example, the model is based on a dog's behavior [8]. 

The behaviors created based on the models are all valid in certain situations, but 

to different degrees. The description of behaviors is supported by FBDL (Fuzzy 

Behavior Description Language), which can be used to specify the given behavior 

pattern with rules [28] and [32]. The behavior described in FBDL can be 

calculated using the FIVE (Fuzzy Interpolation in Vague Environment) method. 

Taking advantage of the fuzzy nature, the fuzzy state machine creates the 

momentary movement and action of the robot by calculating the existing 

behaviors and combining them according to the environment. 

The purpose of this dissertation is to examine the FIVE method applied to 

the description of different behaviors, in the control of mobile robots on 

embedded platforms. The purpose of the research is mainly to collect data to 

improve computing efficiency in robot control. In order to do this, I created the μFRI C language library, which is an implementation of the FIVE method intended 

for embedded systems.  

I examined the parallelizability of the μFRI library on currently available 
and popular multi-processor "system on chip" solutions (SoC - System on Chip), 

from the point of view of optimal system utilization of descriptions containing 

many rule bases. I examined how the rule bases should be distributed in a given 
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multi-processor environment in such a way that it would result in the greatest 

possible increase in calculation speed. Furthermore, the thesis shows a method 

for the hardware implementation of the FIVE method on FPGA (Field 

Programmable Gate Array) for applications requiring fast execution. The research 

includes the implementation of the calculations belonging to the FIVE method 

and a sample database used to store the knowledge base. Finally, I propose a 

solution in connection with the fact that the FIVE method is not only suitable for 

describing behaviors, but can also be used as a classification method to detect 

obstacles surrounding the robot by analyzing sensor data. The results are 

compared with the Naive-Bayes classifier using known conditional probability 

and a large amount of training samples. 
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2.  Research background, the FIVE method 

The autonomous robot makes its decisions and shapes its behavior based 

on information from multiple sensors and its own internal state. These input data 

form the observations and antecedents of the fuzzy rules. The outputs of the fuzzy 

rules are the consequent ones. A fuzzy rule can be written in the form of an 

implication in the form <IF & THEN &.= The set of fuzzy rules affecting the same 

output is the fuzzy rule base. [23], [28], [32] and [36] 

In the case of fuzzy, in order to ensure the stability of the system, the 

rules must be designed in such a way that there is a rule for every possible input 

combination, and the rules completely cover the state space. As the size of the 

task to be solved increases, this can even cause an exponentially increasing 

number of rules, which also increases the computational demand. The large 

number of rules also means an additional problem, namely partial knowledge of 

the task to be solved. In other words, the expert creating the rules may not be 

able to cover all possibilities due to the mathematical complexity of the problem 

or lack of information. For this reason, instead of a completely covering rule 

system, a rare rule base is formed. In the case of a rare rule base, there is an 

observation that does not belong to any rule, in which case the system output is 

uncertain. [23], [28], [32] and [36] 

A sparse set of rules is more common than a full, covering set of rules. 

Fuzzy interpolation methods are a solution to the problem of sparse rule systems. 

The essence of interpolation methods is that the decision for the missing rules is 

calculated based on the existing rules. Thanks to this, it is enough for the expert to 

specify the most important rules for the operation of the system. This can reduce 

the number of rules, the complexity of the rule system and, depending on the 

interpolation method, the computation requirements. [23], [28], [32] and [36] 
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 The FIVE method places the rules in a fuzzy space where the Euclidean 

distance between the rules can be interpreted. The rules can be distinguished 

from each other based on distance: a larger rule distance means a greater 

difference between two rules, while rules located at a smaller distance are more 

similar to each other. Using the weighted consequents by the rule distance, 

Shepard interpolation uses the inverse distances to create the decision of the rule 

base. The steps of FIVE method are shown on Fig 1. Observation is the 

information from the environment or internal state. This value to the observation 

is assigned by the Linear Interpolation. This value indicates in what extent of the 

observation is a member of the given fuzzy set. Its symbol is μ. The difference between the antecedent belonging to the rule and the μ value of the Observation 

gives the Antecedents Distance. The Rule Distance is the Euclidean distance of the 

Antecedents distances. The Shepard Interpolation uses the Rule distance to 

produce the Decision. [23], [28], [32] and [36] 

Linear 
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Distance 

Rule 

Distance 
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Interpolationn 

Consequent 

Decision 

Observtion 

Scale value of 
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Observation 
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Distance of Linguistic value 

S and observation S 

Euclidan distance of Antecedent 

distances normalized with dimension 

Fig 1.  Computation steps of FIVE method 
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3.  μFRI API 

3.1. Objective 

 In addition to the already existing implementations of the FIVE method, I 

created a minimal implementation in C language, which takes into account the 

limited resources of embedded systems, performs the calculation steps of FIVE 

and stores parameters in a space-saving way. Until now, the implementation of 

the FIVE method exists in the following languages: C++, Python, JavaScript and 

Matlab. The Python and JavaScript versions also include the language interpreter, 

the other versions upload their knowledge base from a file. The μFRI library, on 

the other hand, uses a structure that can be dynamically modified during runtime to 

store the parameters. This allows the user to perform the calculation at runtime 

with a completely new rule base. Furthermore, the implementation in C makes it 

possible to use FIVE in Java, C#, and Python by loading it as an external library. 

3.2. The parts of API The μFRI (micro FRI, Fuzzy Rule Interpolation, further designation: uFRI) 
library is a lightweight, low-memory implementation of the FIVE method. The data structures of μFRI have been harmonized with the elements of the Fuzzy 

Behavior Description Language (FBDL). The implementation supports dynamic 

and static database uploading and rule base tuning by changing parameters or 

modifying the rule structure. 

The μFRI parts are presented as follows (see Fig. 2. ): 

- Database: used to store the parameters of the universes and rule 

bases. 
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     "yes" when "leftBack" is "middle"  
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- Data management: uploading the database, adding and deleting 

universes and rule bases, and managing its parameters. In the 

case of systems that do not support dynamic memory allocation, 

this section can be turned off. 

- FIVE: Computation parts based on FIVE. 

- Communication: a binary and textual command interpreter that 

helps to modify the database, which is an external module. With 

its help, the knowledge base can be uploaded to the Database 

from FBDL or can be a tuning method via any communication 

channel. Furthermore, the knowledge base can be exported from 

the system. COMM and Communication indicate the same 

module. 

- FBDL interpreter: interprets the descriptive language and 

generates the appropriate data for the communication block. The 

FBDL interpreter is not part of the library. 

Fig. 2. Parts of μFRI API 
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3.3. New results The μFRI library enables the use of FIVE-based behavior description in 

embedded systems so that the rule bases can be changed dynamically at runtime. With the μFRI library, it is possible to create systems that implement complex 

behavior with low energy requirements using FIVE. The data structure of the μFRI library is based on the FBDL language. With the help of a compiler, the behavior of the system running μFRI can be 
changed or tuned in real time with the message pattern presented in [S8]. 

3.4. Practical application The following devices were controlled using the μFRI library: 

- Sphere bot with pendulum based movement control: [33], 

- Inverted pendulum robot stabilization: [34], 

- Wall detection for Micromouse robot: [S8] és [S10], 

- Play with ball behavior for holonomic drive robot (KR1): [S5] és 
[S7]. 

3.5. Summary 

In this chapter, I presented the version of FIVE with minimal memory 

requirements created in the C language, which I used to perform the tests carried 

out during the research. 

The detailed operation and use are described in articles [S8] and [S10]. In 

relation to this topic, thesis I. was established.  
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4.  Speeding up the parallel calculation speed of 
the FIVE method The μFRI library is an implementation of the FIVE method with low 

computational and memory requirements. Based on the results of practical 

applications and Q-learning so far, the number of rule bases for each problem can 

be increased from 2-3 rule bases to 1000-2000 pieces. [31], [35] and [36].  

4.1. Objective 

The purpose of the investigation was to determine how the 

computational efficiency can be improved in the case of currently used, popular 

multi-core embedded systems, or to determine an optimal value for how many 

processor cores should be involved in the computation. For this purpose, the 

efficiency of computation in relation to the size of the system's cache memory 

was examined based on the library's memory requirements. Also, the degree of 

acceleration achieved compared to single-processor execution was determined 

from the calculation times based on Amdahl's relation. 

Since the computation steps of μFRI themselves take a relatively short 
time, the algorithm is not further divided. A set of rules is treated as a unit during 

tests. 

The result of increasing the calculation efficiency is that the time 

required for simulations and teaching procedures can be reduced, not only in the 

case of a small but also a large amount of rules. 
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4.2. Test methods 

Table 1.  Summary of test methods 

Method name Purpose Method 

Cache examination What is the acceleration 

effect of the cache? 

At what amount of data 

does it reach 0 

acceleration? 

The ratio of the time of 

calculations performed 

with an empty cache and 

with cached data. 

Compare of 

computation time of 

runs 

 

Where is there a 

significant change in 

calculation time or their 

ratio? 

Examination of total 

calculation times and 

their ratio in cached and 

non-cached cases. 

Speed up examination Speed up examination Using Amdahl's formula. 

Speed up calculated 

compared to 1 processor. 

Based on the ratio of total 

calculation times, 

acceleration calculated 

compared to 1 processor 

in the case of 2 and 3 

processors. 

Examination of the time 

spent by the processors 

on useful calculations. 
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4.3. New results 

In this chapter, I examined the acceleration effect of the cache and the 

behavior of multi-core processor systems (ARM A53/A72). Compared to the 

amount of data envolved in the computation, using μFRI library. I analysed different storage requirements of the μFRI library. During the tests, it was revealed that when running the μFRI library on 
several processor cores, due to its short calculation time, a decrease in speed can 

be observed, and there is no significant acceleration in the case of a tightly 

coupled multiprocessor system compared to the 1 working processor. 

4.4. Practical application The μFRI C language implementation of the FIVE method is designed for 
use on embedded systems. With the help of the results, the multiprocessor 

implementation can be saved in the case of a low number of rules, except when 

the fast response time of the system is required and is applied on a loosely 

coupled multiprocessor system. 

4.5. Summary 

I performed an examination of the calculation time of the μFRI library 

with the aim of determining what size of the rule base it is worth to envolve 

several processors in calculation, taking into account the cache size.  The research 

was made for different data volumes (100, 1000 or 5000 rulebases). Based on the 

results, it was found that in the case of tightly coupled multiprocessor systems, 

the efficiency does not improve significantly if more processors perform the 

calculations. Also, the scheduler interrupts can cause significant (based on 

previous tests), increase of up to 30% in the calculation time, if the calculations 

take longer than the time slot allocated by the scheduler. In relation to this topic, 

thesis II. was established. 
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5.  Hardware implementation of the FIVE method 

The FIVE interpolation method is lightweight and can be easily used in an 

embedded system environment. In addition to reducing the time required for 

simulation and self-learning procedures, its further acceleration is justified due to 

the regulation of processes requiring rapid intervention. A possible solution to 

this is the hardware implementation of the FIVE method, which enables a 

simplified form of the calculation to be performed extremely quickly. The data 

structures designed for enable the adaptive (dynamic) configuration and tuning 

of hardware-implemented rule bases. 

5.1. Objective 

The hardware implementation of the computation steps of the FIVE 

method implemented in a hardware description language so that the parameters 

of the rule bases and universes can be changed during run-time without system 

shutdown. 

Requirements for the circuit: 

- can be tuned during operation, the parameters of the rule base can be 

changed, 

- have simple interface, 

- the data bus width is parametrizable , 

- portability, allows implementation on several types of FPGAs, 

- the Intellectual Property (IP) allows module generation from FBDL. 
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5.2. Data stream of calculation 

The FIVE method can produce the result with 4 calculation steps. The 

calculation sequence consists of 2 interpolation calculations and 2 distance 

calculations.  

The representation of data stream processing according to Fig. 3. 

contains the calculation steps of a rule base. With the exception of the Shepard 

interpolation module in the figure, the number of individual modules depends on 

the number of rules, antecedents and observations contained in the rule base. The 

number of Linear interpolation calculations are determined by the number of 

observations and the number of Antecedents distance calculations, which varies 

based on the number of antecedents in each rule. Each rule contains one Rule 

distance calculation module. A rule base contains a single Shepard interpolation 

calculation.  

Observation Decision 

Comput. of 

Shepard 

interpolation 

Comput. of 

Rule 

distance 

Comput. of 

Antecedent 

distances 

Computation of 

Linear 

Interpolation  

Value of scale function 

(S) 

Distance of Linguistic value S 

and observation S 

Euclidan distance of 

Antecedent distances 

normalized with 

dimension 

 

Fig. 3. Parts of FIVE IP module 
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Table 2. The connections of the FIVE FPGA modules 

FBDL element FIVE FPGA module Transmitted 

parameters 

Interface signals 

universe element 

with linguistic 

values 

Universe module 

Number of linguistic 

values and 

parameters 

The input of the 

block, towards the 

sensors. Output to 

the referenced 

AntecedentDistance 

„antecedent0= is „p0= form of 

predicate 

AntecedentDistance 

module 

The value of the 

scale function of the 

linguistic value 

indicated in the 

predicate (second 

parameter) 

Input to the 

associated Universe. 

Output to 

RuleDistance 

The predicates that 

make up the rule 
RuleDistance module None 

The inputs to the 

associated 

Antecedent Distance. 

Exit to Consequent. 

Rulebase output 

universe and first 

parameter of the 

rule 

Consequent module 

Both parameters of 

the language 

elements of the 

universe specified in 

the rulebase 

The inputs to the 

RuleDistance 

modules. 

The Output is to the 

system output 

5.3. New results 

I designed a framework in Verilog hardware description language for the 

use of the FIVE method on FPGA, which is suitable for generating a hardware IP 

based on FBDL (Fuzzy Behavior Description Language), which speeds up the 

computation of the FIVE method. The FIVE IP can be used independently or in 
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association with a CPU as an auxiliary circuit for acceleration FPGA based 

embedded systems. A fuzzy behavior automaton that implements complex 

behavior can be created by connecting FRI_FIVE modules. 

The IP structure of FIVE also enables implementation on the Xilinx 

Adaptive Platform as a hardware acceleration unit of a software environment. In 

this case, each computing unit or the entire FIVE IP is connected to the processor 

system via AXI or PCIe bus system and the software module performs the data 

collection and control tasks. 

Currently, up to my knowledge there is no fuzzy interpolation method or 

adaptive fuzzy interpolation method implemented on FPGA. There are FPGA 

implementations of classical fuzzy and neuro-fuzzy methods. 

5.4. Practical application 

Using FIVE IP, behavior-based control can be implemented at the circuit 

level using FPGA. Thanks to the simple interface, it can be connected to an 

embedded microcontroller or to an application processor via AXI bus. Direct use 

is also possible by scaling the signals appropriately. FIVE IP enables high-speed 

control tasks and reduces tuning time by performing iterations faster compared 

to software implementations, such as behavioral based robot control. However, 

the number of rules in FIVE IP cannot be increased arbitrarily only within the 

constraints/limits specified by the hardware. The parameters (values of 

universes, values of observations and consequents) can be rewritten without 

limits. The update of the parameters is done by one clock period time. At the next 

clock signal the result is computed with the new parameters, and appears at the 

output. 
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5.5. Summary 

I did the implementation of FIVE IP in Verilog. FIVE IP structure enables 

the tuning of the rule base in real time. In relation to this topic, thesis III. was 

established. For more information see: [S1], [S2], [S8] and [S13]. 
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6.  Application of the FIVE method as a 
classification procedure 

The classification and labeling of the data from the observations is 

important for their further processing. The extracted information can be used to 

generate a decision tree in the case of mobile robot control or artificial 

intelligence applications. Classification procedures are supervised sorting 

processes that use a statistical or expert database to label observations. 

Conventional classification procedures usually sort the input data into crisp sets. 

However, the fuzzy classifier can also be used to specify the degree to which each 

data belongs to each class. In this way, the output of a classifier operating on the 

basis of an expert database can be used by several fuzzy-based behavior 

descriptions. In practice, this will create a smoother transition when switching 

between behaviors. 

The fuzzy classification method can be used as a pattern recognition 

procedure, which also provides an indication of which patterns the incoming data 

series matches in addition to the best-fitting pattern. 

6.1. Objective 

Application of the FIVE procedure as a rule-based classifier using the μFRI library. I compare the achieved results with the Naive Bayes classifier. 

In the study of the classifier, for a robot traveling in a maze, it calculates 

where the walls are located at the current location of the robot. 
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6.2. Results 

 The two classification procedures created based on the description 

correctly recognized the shape of the walls surrounding the robot at different 

points of the labyrinth used for testing. During the tests, I checked that the robot 

did measurements mainly in places where data was not collected for the trainig 

samples. The results of the two classifiers were consistent and correct. There was 

only one difference in the decisions, where the robot met with the position shown 

in Fig. 4., where the FIVE-based classifier did false perception of a maze. 

6.3. New results 

A fuzzy classifier can be created using the FIVE fuzzy interpolation 

method. The advantage of a classifier based on fuzzy logic is that the number of 

dimensions of the classifier can be reduced, as was also seen in the described 

example. Fuzzy classifiers created using the interpolation method can be found in 

the following articles: [70], [71], [72] and [73], which are based on the KH (Kóczy-

Hirota) method. 

The advantage of the classifier created using the FIVE method compared 

to the Bayesian classifier can be seen in the size of the training sample. Instead of 

occurrence probabilities calculated from a sample of a few thousand, expert 

(human) experience can be used and a functioning rule system can be created 

from a few measured data sets. The rule system sometimes requires refinement, 

Fig. 4.  False corridor detection in the FIVE-based 

classifier 
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but even this can be done by an expert. With FBDL, the rule system can be easily 

created. Both the μFRI library and the FIVE IP FPGA implementation support the 

rule base created by machine learning or the tuning of an existing rule base. For 

details see [31], [35], [36] and [74]. 

In the case of the FIVE method, data clustering can be omitted. However, 

clustering was necessary in the case of the Bayesian classifier in order to 

compress the training sample. 

A classification procedure with the use of μFRI and FIVE IP that also can 

be used on embedded systems. 

6.4. Practical application 

Rule based fast classifier that is implemented as software on a microcontroller with μFRI and as hardware on FPGA with FIVE IP. The advantage 

of the rule based solution is that the classifier can also be created based on an 

expert knowledge base. Other possible applications are in IoT (Internet of 

Things) systems in the recognition of behaviors and patterns and early fault 

detection or maintenance prediction. With an FPGA implementation, high-speed 

applications such as real-time traffic monitoring of a computer network are also 

possible. 

6.5. Summary 

I compared the results under the same conditions of the rule-based 

classifier using the FIVE method with the results of the popular Naive Bayes 

classifier. Based on the results, the FIVE method is also suitable to function as a 

classification procedure. Its advantage compared to the Naive Bayes classifier is 

the smaller amount of data to be collected and the applicability of the expert 

knowledge base. In relation to this topic, thesis IV. was established. For more 

information see: [S5], [S7], [S8] and [S10]. 
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7.  Theses 

I. The μFRI library is suitable for implementing FIVE FRI on 
microcontrollers. The knowledge base provides the possibility to 

dynamically change the parameters without system shutdown. The 

library is suitable for developing adaptive applications in embedded 

systems.  

Corresponding papers: [S5], [S7], [S8] and [S10]. 

 

II. In the case of the implementation of the μFRI library on the closely 
coupled ARM A72 parallel architecture, the dynamically changing 

distributed fuzzy knowledge base can be efficiently allocated up to a total 

memory requirement of 1720 kB on 1 processor core. 

The memory requirement of an arbitrary rule base can be calculated 

using the following formula:                             

where the NUE is the total number of universe elements, the NU is the total 

number of universes, the NA is the total number of the antecedents in the 

rules, the NR is the total number of rules, the NRB is the total number of 

rulebases, and the T is the total memory requirement in bytes. The 

minimum allocated memory demand is 58 byte, when 

NUE=NU=NA=NR=NRB=1. 

Corresponding papers: [S3], [S4] and [S6]. 
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III. The modules of the FIVE IP library are suitable for the FPGA resource 

efficient implementation of the FIVE FRI method on the FPGA. The 

system which is based on the FIVE IP library is able to dynamically 

change the knowledge base without system shutdown, and to create 

adaptive applications in embedded systems. 

Corresponding papers: [S1], [S2], [S8] and [S13]. 

 

IV. Using the created μFRI library or the FIVE IP modules, an efficient 

classification algorithm based on the FIVE FRI method can be developed. 

The resulting classification algorithm is suitable for direct use in 

embedded systems. 

Corresponding papers: [S5], [S7], [S8] and [S10]. 
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8.  Summary 

Ethological behaviour models and behaviour based control can be 

implemented wtih the FIVE method. The operation of behaviour based system is 

described by a set of rules. The FIVE method is a fuzzy interpolation method that 

places fuzzy sets in a multidimensional, so-called fuzzy environment for 

interpolation. The FIVE method is a lightweight interpolation that is also suitable 

for use on embedded systems. The FBDL language helps to describe the 

behaviours and rules. 

In the dissertation I created a version of FIVE method which is optimized 

for embedded systems in languge C. Due to its low memory requirements, it can 

also be used successfully on microcontrollers. The μFRI library is also the basis 
for the implementation of the FIVE method FPGA. Various robots were developed 

based on behaviour based control during the research period. The behaviour implementations are based on μFRI library for ARM microcontrollers and application processor systems. The data structure of the μFRI library uses the structure of the FBDL language to help with easier transcription. The μFRI library 
allows changing parameters dynamically during operation for systems that 

support dynamic memory allocation.  The entire rulebase can be changed at 

runtime. I examined how the μFRI library behaves on a multiprocessor system. I 

investigated the computation times with non-cached and cached data on a tightly and loosely coupled system with 1, 2, and 3 processor cores. Although the μFRI 
library allows each rule base to be computed independently, it works more 

efficiently between 1 and 10,000 number of rulebases (20,000 rules) due to the 

short computation time and low memory requirements when one processor core 

performs the calculation. I examined that how much faster execution is done on 

multiple processor cores compared to single-processor calculations. Based on the 
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ratio of the computational times and I used Amdahl’s formula. For the studies, I 
used the popular ARM A53 and ARM A72 architectures during the research.  

I created a hardware implementation for FPGA in the Verilog hardware 

description language to further accelerate the FIVE method. The FIVE IP is 

operating with 8 bits integers by default at maximum 4 MHz frequency but the bit 

witdh is paramemterizable. I compared the hardware requirements of my 

implementation with a tool called Xilinx High Level Systhesis, which can translate 

from specially modified C code into a descriptive language. I managed to make my 

own implementation use less hardware resources on the FPGA. The hardware 

implementation I created allows me to change the parameters dynamically 

during operation. 

I used the FIVE method – implemented with μFRI library – as a 

classification procedure. By processing the sensor data of a real robot moving in a 

maze, I determined by rules what wall pattern is in the given square maze cell 

around the robot. The robot was equipped with 4 simple infrared sensors and 

used them to detect walls and obstacles. I compared the FIVE-based classifier 

with the classic Naiv-Bayes classifier, and in the end, the two solutions hit the 

position of the walls around the robot with equal probability. 

Further steps in the research include the generation of a set of rules 

based on the knowledge gained in Chapter 7, using statistical methods to help 

develop machine learning in addition to existing Q-learning. The goal is to 

generate rule bases from the behavior presented by an expert that can be tuned 

by a Q-learning method. Furthermore, the goal is to further improve the 

dynamically reconfigurable hardware implementation by adapting it to modern 

solutions provided by Xilinx. 

During the research, I have created solutions that allow the efficient use 

of the FIVE method on embedded systems on both processor and hardware 

systems, as well as the dynamic parameterization and tuning of rulebases. 
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