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Abstract

Field Programmable Gate Arrays or FPGA circuits have been the focus of applied research since their appear-
ance. Following the introduction of these circuits in 1980, their year-by-year development and the expansion
of application areas have opened up new areas of research. With the appearance of system-on-chip, SOC
(System on Chip) solutions and adaptive processing units, they occupy an important role in industrial appli-
cations. The question is: when, why and what hardware is to change dynamically during system operation?
Whether it is necessary to expand computing resources by expanding new circuit blocks or by inserting soft-
core processor(s), this can be determined by examining the computing load of the embedded system during
operation. This article presents the tests that were performed on the processors of the embedded systems, in
order to determine the computational load of the processor and how the interrupt handling can be acceler-
ated. The article also presents the examination of fuzzy interpolation.

Keywords: embedded systems, dynamic function exchange, FPGA, robot control, fuzzy interpolation.

1. Introduction

Field Programmable Gate Arrays or FPGA cir-
cuits have been in the focus of applied research
since their appearance. The areas of application,
which at that time were still limited to the imple-
mentation of two-level logical networks, are now
suitable in the areas of telecommunications, re-
al-time embedded systems, artificial intelligence,
image processing and adaptive hardware using
dynamic function exchange.

One of the important parameters of embedded
systems is the dissipated power and computation
speed rate. It is possible to reduce or increase
these design parameters by several methods. For
example, reducing the frequency of the micro-
controller will reduce the dissipated power, but
this also reduces the computation speed. The best
solution is when the processor load is analysed
while executing the application task and then by
making the necessary modifications based on the
results. One possible solution is a new approach

to the interruption mechanism or the examina-
tion and hardware implementation of the con-
trol algorithm. Both solutions raise the following
questions: Is it necessary to expand computation
resources by adding new hardware blocks or by
inserting new soft-core processor(s)?

This article is the extended version of the FMT(
2024 conference plenary presentation. It presents
an examination of the computational load of the
processor used in embedded systems, and then
by presenting two examples -- interrupt manage-
ment and fuzzy interpolation with state machine
implementation. These two examples illustrate
the possible application of adaptive operation
and increasing the computation speed.

2. Literature review

2.1. Processor load analyses

The computer model formulated by John von
Neumann in 1945, in his report "The First Draft of
the Report on the Edvac" [1], has been reviewed
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by many articles over the years, presenting all its
advantages and disadvantages.

The biggest problem was caused by the fact that
the processor manufacturers left out the extra
status bit used in the data storage by Neumann,
which would have had the task of indicating the
status of the stored data (program code or data) of
the stored data.

The Neumann principles are as follows [2]:

—fully electronic computer,

—use of binary number system,

—existence of arithmetic unit (universal Turing

machine),

—existence of central control unit,

—existence of internal program and data storage

i.e. memory [2].

The operation of the Neumann model is most ef-
fective when a processor performs a single task
[3]. This approach is generally true for embedded
systems. In an embedded system, the processor
has a well-defined task, especially when not using
an operating system for controlling its operation.
Problems with the model occur when the number
of tasks differs from the number of processors
present in the machine, i.e. the number of tasks
is higher than the number of processors. Unfor-
tunately, software developers still adhere to the
classic Neumann model, so the operating system
hides the hardware layer from the user, so it ap-
pears as if the processor is available for all the
tasks [4].

Since the use of FPGA technology, we are con-
cerned with two types of processor: soft-core and
hard-core. The former is described in a hardware
description language (VHDL or Verilog) and in-
serted into the FPGA design, while the latter is in-
tegrated on the same die with the programmable
logic.

For embedded systems, which are implemented
using low-resource FPGAs, it is especially impor-
tant to examine the processor or microcontroller
load during the execution of the user software.

In FPGAs, one can insert a soft-core processor
using different methods. Either using Intellectual
property modules (IP), which is one of the most
common methods, or using the register transfer
level (RTL) method. The use of the RTL soft-core
processor has the advantage that all the internal
signals of the central unit (CPU) are accessible,
and the processor load test can be carried out. In
contrast, in the case of IP-based design, the inter-
nal signals of the processor are not available, so
the processor load test can not examine the inter-
nal signals.

In the case of FPGA-based systems, it is possible
to increase the computing power of the processor
by using other auxiliary accelerators and co-pro-
cessors. Inserting these kinds of circuits during
operation is possible with the dynamic function
exchange. In this way the processor computation
load can be reduced.

Analysing the computation load during oper-
ation of the processor is based on the examina-
tion of the system signals. Hardware errors can
be determined by monitoring all signals [5]. The
method tests the hardware operations and draws
conclusions regarding machine malfunctions.

Another test method was used in the design
phase, to determine the necessary hardware re-
sources required for the optimal operation of the
software in an embedded system. [6] [7]

Zhao et all. used a software tool to determine the
errors in the running program. A target system
was designed for this method [4].

During system design and load testing, the fol-
lowing aspects must be considered [8]:

—the measurement method must be independ-
ent of the software, which is executed by the
embedded processor;

—the implementation of the measurement meth-
od must not modify the hardware architecture
of the microprocessor;

—the measurement must provide real-time data,
i.e. must detect changes in the system (proces-
sor) instantaneously.

Based on the above criteria, one can conclude
that the measurement of the processor's compu-
tational load must be independent of the embed-
ded system hardware and should not influence in
any sense the system under test.

2.2. The execution of the interrupt process

As mentioned, the von Neumann computer
model works well when the microprocessor per-
forms only one task. Unfortunately, in embedded
systems, the processor must perform several
tasks at the same time. This is possible only if the
processor divides its time between the tasks. This
is only possible either using interrupt manage-
ment or using an operating system, which allows
task scheduling [9].

Interrupt Servicing (executed by Interrupt Ser-
vice Routine -- ISR) appears as an additional task
next to the main program. The processor must
perform this task also [10].

The processor cannot immediately execute the
ISR, since there is a latency in the interrupt ac-
ceptance, which elapses between the interrupt
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request and the start of the interrupt service.
There are several reasons for this dela:

—the processor executes critical code segment,
which means the interrupt request is disabled;

—the processor executes a task, which has high-
er priority;

—the processor executes a long instruction that
cannot be interrupted.

The time until the interrupt accept may also
vary. One of the reasons for this is that the in-
struction pipeline must be emptied. Its duration
depends on the type of instructions in the pipe-
line. The other reason is that after the ISR (inter-
rupt handling program) start the interrupted pro-
gram state (main or other ISR) environment (reg-
isters, return address, program status flags, etc)
must be saved and at the end of the ISR service
routine this information must be restored. The
time needed for saving the interrupted program
environment depends on how many registers the
ISR uses. The time delay until the interrupt accept
therefore is not constant and can fluctuates.

When a processor receives an interrupt signal,
and if the interrupt is enabled, the processor sus-
pends the running process and begins handling
the exception. After the execution of the interrupt
handling routine (ISR), the processor returns to
the suspended task.

In the case of ARM processors, the ISR should be
treated as an exception as described in the ARM
documentations [11]. This process of handling
the exception is briefly explained below:

—If an ISR event occurs and exception handling
is enabled, the processor suspends the current-
ly executed instruction (and/or discards the so-
called long instructions and restarts their exe-
cution after returning from ISR),

—Then the context registers (8 registers each
32 hits) are saved in the stack memory speci-
fied by the stack pointer (for ARM MSP - Main
Stack Pointer or PSP - Process Stack Pointer).
The saved registers are as follows: xPSR (Pro-
gram Status Register), PC (Program Counter -
contains the return address), LR (Link Register
R14) and registers R12, R3, R2, R1, RO are also
saved.

—After that, the processor switches to handler
operation mode.

—Then the program counter (PC) is loaded with
the ISR start address and the LR loads the re-
turn address.

—In the next step, the ISR number is loaded into
the IPSR (Interrupt Program Status Register).

—Finally, the execution of the interrupt handling

routine begins.

The process described above consumes pro-
cessor time. It is important to consider the time
elapsed between the ISR request and the start of
exception handling. If the interrupt is repeated
cyclically, the response time of the ISR increases
with the latency of the start of the interrupt han-
dling. Critical external events can delay the start
of the interrupt service routine from the point of
view of the service time of the interrupt handling.

How much time is required to save registers
("overhead") and to execute program PUSH/POP
instructions in order to save other registers? In
such cases, the processor deals with the save/re-
store address of the register (stack operations).
If the address contained by stack registers point
to external memory, this "overhead time" will be
longer (executing external memory operations).

The maximum repetition frequency of inter-
rupts can be calculated for a given processor con-
sidering the given clock signal frequency:

Fytaane=Fepv / Crsrt Covernead) » (€Y

where F,, ... is the maximum repetition frequen-
cy of the interrupt - i.e. ISR, F,;, is the frequency
of the system clock, Cy, is the number of clock
cycles required to execute the interrupt handling
routine (ISR), and C,,,1..q 1S the number of clock
cycles used to save and restore the registers (i.e.
to save the program state and restore).

By fulfilling a frequent interrupt request, the pro-
cessor executes the ISR. Therefore, it spends less
time on executing the main program. The time re-
quired to complete the ISR (U) is:

U=, (Croz+ Covernead Fepur» @)

where F, is the frequency of interrupts.

From the above, it results that the main program
is apparently executed with a much lower clock
frequency:

Fmainz(l_Ui)*FCPU’ 3)

where F, . is the apparent frequency of main

program execution.

3. Processor computation load measure-
ment

During processor operation one can distinguish
two states: when the processor runs the programs
i.e. executes instructions -- this is called the load-
ed state; while states are possible when the pro-
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cessor is not active - this is called an unloaded
state. In the unloaded state, we distinguish:

—the sleep mode -- the processor does not ex-
ecute instructions and it appears as if it is
switched off - the dissipated power of the pro-
cessor is very small;

—the idle state -- the processor waits for some
event while executing instructions.

In the active state of the processor -- depend-
ing on the software activity - different parts of
the system are more active than other parts of
the processor, for example, the arithmetic unit
-- when it performs mathematical computations,
shows high activity, or the memory manager unit
also shows high activity when performing I/0 op-
erations. Based on this, the following processor
operational categories are distinguished:

—base (unloaded state),

—calculation intensive,

—input - output operations.

This kind of classification was achieved by
measuring the actual load of different parts of
the processor. Using the measurements, one can
identify the intensively used processor parts.

3.1. Processor load measurement method

The measurement method is supported by the
internal structure of the used processor (Fig-
ure1). Generally speaking, the processor is a state
machine in which the storage elements (in the fig-
ure: Registers) store the current state of the sys-
tem. The current state (q) changes at the rate of
the clock signal. The value of the new state is gen-
erated by the so-called excitation network (in the
figure FN1, FN2, etc.) as a function of the current
state and possible external signals (v). The val-
ues of v, G, q are functions of time ¢ (in this case,
the clock signal controls the state changes). The
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stored values become the excitation value after a
clock delay [8], therefore:

q)=G{t-1) “)

External signals influence the values of the G
function, so it is not necessary to test them di-
rectly. The G values are transferred to the g (next
state) values after a clock delay, so the measure-
ment can be performed either by examining the
G or g signals.

The operation of individual parts of the CPU is
indicated by the change in the value of their asso-
ciated memory. So, the measurable characteristic
of the g signals relevant to the investigation is the
change in frequency of the g signals, that is, the
frequency of the signal. However, the classifica-
tion is not based on the instantaneous values of
the signal frequencies, but on the time change of
the frequency, the time function of the frequency:

fr(®.
3.2. Presentation of the System under test

The application on which the processor load
measurement method was performed is an em-
bedded system implemented on FPGA that con-
trols a device that follows the movement of the
Sun.

The application is a solar panel system that al-
ways sets the optimal operation depending on the
movement of the Sun, i.e. it shows the maximum
surface towards the Sun, which is perpendicular
to the sun's rays (Figure 2).

The control system calculates the momentary
orientation of the sun's rays (horizontal and north
angle) as a function of time and geographical co-
ordinates. Based on the calculated coordinates, it
adjusts the solar panel so that it is perpendicular
to the sun's rays, i.e. it moves the panel by con-

Fig. 1. Block diagram representing processor structure.

Fig. 2. The equipment controlled by the test application



Vdsdrhelyi J., Batok R., Drotos D. — Miiszaki Tudomdnyos K6zlemények 21. (2024)

trolling the activator motors. During the move-
ment (adjustment of panels) depending on the
computed result, the software performs a lot of
I/O operations, similarly when the program up-
dates the display of the user interface.

3.3. Measurement results

The measurement results are presented based
on article [8] .

The system was modelled with an embedded
system implemented on FPGA, using RTL-based
ARM MO+ processor.

During the tests, the system model was run us-
ing a hardware simulator, which saves the signal
values appearing at the outputs and inputs of the
system elements in a so-called "dump” file. The
“dump” file containing the output results was an-
alysed with an appropriate software.

The frequency signal fr(t) variation in time is
produced by a dedicated software that processes
the output file of the simulation results. The al-
gorithm built into the processing software corre-
sponds to the operation of the digital circuit used
for frequency measurement. During the hard-
ware simulation, a large amount of data was gen-
erated. So a filter algorithm was incorporated into
the processing software, which removed the data
that was not relevant to the test. Due to the way
the model was described, a lot of redundant in-
formation was obtained by having several signals
duplicated by some other signals, so their values
were identical. By removing this redundant infor-
mation, the amount of data to be processed can
be reduced.

With the graphic representation of the results,
one can deduce which signal frequency changes
show significant difference for some signals, at
the time when the application software changes
the processor state (load), i.e. when the compu-

Fig. 3. Graphical representation of several measured
signals.
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tation algorithm starts or stops. Figure 3 shows
the variation of some measured signals at the
moment of starting the computation part of the
application program.

Examining the signal correlation change shown
in Figure 3, for example, in the case of the
alu_ext_trans_o signal, one can notice that this sig-
nal shows a significant amplitude change, which
means that the processor starts the computation,
so its load increased.

Based on the modelling and simulation results,
one can select the signals suitable for computa-
tion load measurement of the central unit. For the
model, it is known when the application software
performs a computation that will result in a load
on the CPU. By examining the statistical charac-
teristics of the fr(t) functions, one can select which
signals shows a higher degree of correlation with
the processor behaviours to be detected. Figure 4
shows the distribution of the correlation of the
examined processor signals with the computa-
tion mode variation. One can conclude that some
signals correlate well with the operating mode, so
they can be suitable for indicating computation
load periods.

From the number of signals for the measure-
ment, the ones whose change can be detected
most easily by the measurement module should
be selected.

After modifying the structure of the embedded
system, the selected signals of the processor were
connected to the measurement module. These sig-
nals were analysed using the measuring system.
After measuring the frequency variation and am-
plitude change of the signals using the monitoring
module one can measure the system evolution.

The computation load of the processor can be
deduced from the amplitude changes of the se-
lected signals.

Fig. 4. Correlation values of signals to CPU load.
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4. New method for interrupt process
execution speed-up

The block diagram of the experimental system
is presented in Figure 5. In the experiment, for
implementation, ARM RTL soft-core (ARM MO
processors) were used.

The experiment is as follows: a timer generated
an interrupt signal at a given frequency (10 KHz).
The exception handling program counted the
number of interrupts, i.e. increases in the value
of a counter (software clock). The main program
displayed the value of the counter on a display.

The P3 processor works in a traditional way. It
executes the main program and handles the inter-
rupt, i.e. executes a timed task, and then sends the
value of the counter to the display. The execution
time of the interrupt and exception acceptance la-
tency of the traditional solution running on the P3
processor are compared with a system executing
the task in parallel (P1 and P2). Processor P1 runs
the main program, while processor P2 performs
interrupt handling. When the exception handling
is done, the P2 processor goes in to a suspended
state (sleep mode).

When an interrupt signal occurs, the P2 pro-
cessor wakes up and executes the exception han-
dling program. The operation of this processor
has been designed in such a way as to avoid the
interrupt accept latency that arises during the ex-
ecution of the usual interrupt handling process.
So, in this way, there is no time variation. The
time required to start the service is constant.

Therefore, the timer peripheral signal was
not connected to the interrupt request input
of the ISR signal of P2. The processor is in sus-
pended state (sleep mode). The peripheral sig-
nal generated by the timer is connected to the
wake-up input of the processor. When the sig-
nal starts the processor, ISR is served, which
this time is listed as the main program of P2.
Since the wake-up occurs on the rising edge of
the ISR, servicing of the "ISR" starts immediate-
ly. There is no need for an interrupt acceptance
process. There is no need to save the state of the
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main program because the ISR is the main pro-
gram of the processor P2. Therefore C, ,;00q = 0
0 in equations (1) and (2).

At the end of the "ISR" service, the program
jumps back to the beginning of the program,
where an instruction suspends the processor P2.
In sleep mode, it then waits for the next ISR sig-
nal The peripheral interrupt signal is stored by
the processor interrupt handling circuit until the
service starts.

Figure 6 shows the result of the simulation of
the parallel solution in comparison with the con-
ventional solution. The event signal indicates the
interrupt request of the peripheral; this pulse
comes from the timer peripheral with a frequen-
cy of 10 kHz.

The Wake Up signal wakes up the P2 processor.
The No sleep signal is generated by the processor
and indicates that it continues program execu-
tion. This signal deletes the external storage. The
Service Start signal is generated by the first "ISR
service" instruction of the P2 processor, indicat-
ing that the service has started.

The Event signal interrupts the P3 processor
program in the traditional way. The first instruc-
tion of the ISR function of the P3 processor gen-
erates the ISR_Start signal. This indicator signal
was used to compare the starting point of the two
ISRs, one executed on P2 and one executed on P3.
Due to the exception handling process (saving
registers, as mentioned previously, etc.), the P3
processor starts the ISR process later than the P2
processor.

5. Fuzzy Interpolation

A robot moving in a real environment must
make decisions in different situations and react
appropriately to each situation. In the case of
behaviour-based control, the behaviours speci-
fied by the expert system are valid for given sit-
uations. The robot recognizes situations based on
the data provided by its sensors and its internal
states. Each defining condition has a behaviour
that the robot performs [12], [13] and [14].

Display

Multi Ch
T
—
| wakeupl IRQ| Mux
bus 1

5. abra. Megszakitdskezelés pdrhuzamositdsdnak
tombvdzlata

Fig. 6. Simulation results of the interrupt handling.
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In the case where behaviour models are imple-
mented with fuzzy logic, thanks to the fuzzy state
machine, all possible behaviours are involved in
the control system of the robot. Those behaviours
that best fit the given set of observations will have
the greatest impact on the robot's movements and
its reactions [12-14].

Since robot movements are performed in a real
environment, this can have different kinds of ef-
fects on the control decisions, it may happen that
a set of observations does not relate to the robot’s
behaviour. In this case, the robot control system
may become unable to take a decision. This can
be improved by adding more fuzzy rules. But the
increasing number of rules will result in the in-
creased use of computing resources. Fuzzy rule
interpolation provides a solution for this case
[12-14].

Thanks to the interpolation procedure, it is
enough to give to the expert system the most deci-
sive rules, and in intermediate cases the interpo-
lation procedure will provide the output control
values [12-14].

Using the expert knowledge base, the system be-
haves almost correctly even when there is no rule
of behaviour for the given situation. The fuzzy
state machine uses the FIVE (Fuzzy Interpolation
in Vague Environment) fuzzy interpolation proce-
dure [12-14].

One application example of behaviour-based
control is etorobotics , where the robot imitates
the behaviour of an animal.

5.1. Fuzzy Interpolation in Vague Environ-
ment

The control system decision-making process of
autonomous robots is carried out based on infor-
mation from multiple sensors and the internal
states. These input data form the observations
of the fuzzy rules, and are also known as ante-
cedents, while the outputs of the fuzzy rules are
called consequents. A fuzzy rule can be written in
the form of an implication of the form "IF ... THEN
... (ELSE)...". The set of fuzzy rules affecting the
same output is called a fuzzy rule base [13][15]
and [16].

In classic fuzzy systems, for the sake of stabili-
ty, the rules must be designed in such a way that
there exists a rule for every possible input com-
bination. This ensures that the rules completely
cover the state space. However, as the size of the
task to be solved increases, the number of rules
can grow exponentially, which results in a signif-
icant computational demand. Furthermore, gen-
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erating a large number of rules is often problem-
atic, as expert systems cannot always fully cover
the problem due to mathematical complexity or
lack of information. As a result, instead of a ful-
ly covering rule system, the control often works
with a sparse rule base, in which some observa-
tions may not have a rule, so the output of the sys-
tem will be uncertain [13], [15] and [16].

Sparse rule sets are more common than full cov-
erage rule sets. Fuzzy interpolation methods offer
a solution to the problem of sparse rule systems.
These methods calculate the decisions belonging
to the missing rules based on the existing rules.
As a result of this method, it is sufficient for the
expert system to enter only the most important
rules. Thus, reducing the number of rules and the
complexity of the system, as well as the interpo-
lation depending on the method, will result also
in the reduction of the computation requirement
need [13], [15] and [16].

The Fuzzy Interpolation in a Vague Environment
(FIVE) method places the rules in a vague space,
where the Euclidean distance between the rules
can be interpreted. They can be distinguished
from each other based on the distance between
the rules: a larger distance means a greater differ-
ence, while a smaller distance means more simi-
lar rules [13], [15] and [16].

Using the consequents weighted by the rule dis-
tance, Shepard interpolation calculates using in-
verse distances to create the decision of the rule
base. The calculation steps of the FIVE methods
are described below (see Figure 7):

—Observation is the information from the envi-
ronment or internal state.

—With the help of Linear Interpolation, it assigns
to the observation the value that specifies the
extent to which the observation's value (u) is a
member of the given fuzzy set.

—The difference between the antecedent belong-
ing to the rule and the p value of the observa-
tion give the Antecedent Distance.

—The Rule Distance is the Euclidean distance of
the antecedent distances.

—The Shepard Interpolation uses the distances
of the rule to produce the Decision, i.e. is the
consequent.

Fig. 7. Computation steps of FIVE accelerator.
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5.2. FIVE hardware implementation

The most important requirement for the hard-
ware implementation is tunability and parame-
terization during on-line operation. This means
that one can modify the parameters of the FIVE
controllers, including the antecedent and conse-
quent values, while the system is operating.

To this end, parameters are stored in registers,
for which an interface has been designed to allow
the internal data of each module to be changed
during a clock cycle.

The controller can be easily connected and
adapted via variable bit width interface (output
and input buses). This bus system also enables
compatibility with the AXI interface, which is
particularly useful for integrating FIVE hardware
into a processor system.

The scalable resolution was realized with a mod-
ular structure and parameterizable bit width. The
number of individual modules can be changed ac-
cording to the amount required by the rules, so it
flexibly adapts to the requirements of the system.

An important aspect is the portability of the
code between FPGA platforms, so no manufactur-
er-specific elements were used in the code writ-
ten in Verilog. This ensures that the code can be
used on different platforms.

The circuit can be generated from FBDL (Fuzzy
Behaviour Description Language) [17]. The con-
nection and parameters of the modules can be ob-
tained from the rule bases described in the FBDL
language, which simplifies the planning and im-
plementation of the system.

The FIVE method can produce results through
four computation steps, which consist of two in-
terpolation calculations and two distance calcu-
lations.

The processing of the data stream is illustrated
in Figure 7 which contains the calculation steps
of a rule base. The figure shows that, except for
the Shepard interpolation module, the number
of individual modules depends on the number of
rules, antecedents and observations found in the
rule base.

The number of linear interpolations is deter-
mined by the number of observations, while the
number of antecedent distance calculations de-
pends on the number of antecedents of each rule.
Each rule has a rule distance calculation module,
and the Shepard interpolation is calculated with
a single module per rule base.

The calculation of linear interpolation is called
"Universe" in the final implementation. In addi-
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tion, also the hardware implementation was pre-
pared with the Vivado High Level Synthesis tool,
using unmodified and optimized versions of the
basic pFRI library [18].

The FIVE FPGA implementation forms a syn-
chronous computing chain. Each unit of the
circuit produces the output value in response
to changes in the input data. The implemented
hardware works with variable bit width, by de-
fault the implementation was done with 8-bit
unsigned integers for the input/output interfaces.
The amount of data required for the computation
can also be specified as a parameter.

The individual computation units and the inclu-
sion unit also have constant and variable parts.
The parts whose number varies based on the
properties of the rules and rule bases (number
of rules, number of observations, number of an-
tecedents, etc.) were highlighted in the code and
entered the Verilog code in a form that can be
produced from the FBDL. The computing units
ensures the pipeline operation for division and
other operations. Each unit contains an internal
input/output storage register, where the incom-
ing data and the result are stored. According to
the current design, all units produce results with-
in one clock period, except for the Universe unit,
which produces results in two steps.

5.3. Results

The implementation and simulation results of
the system were produced with AMD Vivado ver-
sion 2018.1.

The latency of the entire computation chain is 4
clock periods, as shown in Figure 8. The system
can work with unsigned integers, and its maxi-
mum operating frequency is 4 MHz.

Figure 9 illustrates the operational linearity er-
ror of the FIVE pipeline accelerator. Based on the
simulation, the largest absolute deviation from
the expected value is 6, which corresponds to 2.34
% in the 8-bit range.

For the FIVE method implementation on FPGA,
a frame made in Verilog hardware description
language has been prepared, which is suitable for
speeding up the computation of the FIVE meth-

Fig. 8. FIVE accelerator delay.
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Fig. 9. FIVE accelerator error.

od as a hardware element that can be generated
based on FBDL (Fuzzy Behavior Description Lan-
guage). This module can be used independently
or in association with an embedded processor
system as an acceleration co-processing element.
Complex behaviour of FIVE can be implemented
by connecting several FRI_FIVE modules.

The FIVE IP structure also enables its imple-
mentation on Xilinx Adaptive Platform as a hard-
ware acceleration unit operating in a software
environment. In this case, the computing units
are either connected to the processor system via
the entire FIVE IP AXI interface. In this case the
software component of the controller implemen-
tation module manages data collection and con-
trol tasks. A detailed description of the system is
contained in article [19].
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