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A B S T R A C T   

The human neuroregulator system is a complex nervous system composed of a heterogeneous group of nerve 
centres distributed along the spinal cord. These centres act autonomously, communicate through nerve in-
terconnections, and govern and regulate the behaviour of human beings’ organs and systems. For over twenty 
years, our research group has been studying the neuroregulatory system of the lower urinary tract (LUT), which 
controls the organs and systems involved in the urination process. Based on the study of the behaviour and 
composition of the LUT, we have succeeded in isolating the centres involved in its functioning. The goal has been 
to understand the individual role played by each centre in order to create a general model of the neuroregulator 
system capable of operating at the level of the nerve centre. The model has been created and formalised based on 
Multi-Agent Systems (MAS) theory: each agent thus models the behaviour of a nerve centre. This latter proposal 
is a step forward regarding current black box models. Its fine granularity opens up the possibility of acting at the 
level of the centre, of particular interest to treat dysfunctions. The present study enriches this theoretical model 
with an architectural model that makes it suitable to implement in hardware. Based on this new model, we 
propose a System on Chip (SoC) design of a specific processor capable of performing a nerve centre’s functions. 
Although this processor can be entirely configured and programmed to adjust to the functioning of the different 
centres, the present work aimed at facilitating the understanding and validation of the proposal. We thus focused 
on the Cortical-Diencephalic (CD) centre, responsible for voluntary micturition. The research adopted an original 
approach with the aim of creating a configurable chip, capable of developing any neuroregulatory function, 
implantable in the body and being able to function in a coordinated way with the biological neuroregulator 
system.   

1. Introduction 

Ever more solutions to health problems are based on the synergy 
between medicine and technology. Many studies focus on the use of 
hardware devices that can be embedded in the human body to achieve 
this synergy [1]. The human neuroregulatory system constitutes one of 
the most sensitive and essential components for the human body to 
function properly [2]. Despite its complexity, we now dispose of suffi-
cient information to solve the possible difficulties or problems presented 
by the neuroregulatory system [3], and we can even advance proposals 
to improve its functioning [4]. 

Our research group has been working on a human neuroregulatory 
system model for over twenty years. One possibility offered by this 

model is the building of artificial systems capable of behaving like this 
neuroregulatory system. In fact, a neuroregulatory system model has 
been achieved that has been widely validated by articles in high-impact 
scientific journals and doctoral theses [5–10]. It has even led to the 
creation of simulators used in rehabilitation therapies [11]. 

This model was designed based on the Multi-Agent Systems (MAS) 
theory: in it, each agent represents an autonomous component with the 
capacity to understand and collaborate with other agents to solve a 
common problem [8]. As a form of validation of the proposed model, our 
research group focused on the neuroregulatory system of the Lower 
Urinary Tract (LUT). The LUT is a subsystem that is sufficiently complex 
to represent the entire nature of this human neuroregulatory system, 
while being accessible enough to be able to effectively study and 
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understand each centre it is made up of [12]. 
The long-term objective of this line of research is to create a hard-

ware processor (SoC) capable of emulating the behaviour of this human 
neuroregulatory system at the level of the nerve centre. This processor 
will be the seed allowing hardware regulators to be developed, 
implantable in the human body and able to act on the nerve centre. The 
present study focused on proposing a hardware design of a processor 
presenting a generic structure of a nerve centre. For its validation, 
however, we chose to emulate the behaviour of one of the centres of the 
LUT neuroregulatory system: the Cortical-Diencephalic nerve centre 
(CD). This concrete application helps to understand the design and, 
above all, to propose validation experiments. The design we advance 
seeks nevertheless to be as general as possible, so that the same pro-
cessor may be configured and programmed to behave like any of the 
nine centres involved in regulating the LUT [13]. 

There was a first problem we had to address. A white box model of 
the LUT already existed, and works can be found on artificial systems 
based on the model, capable of operating together with the biological 
system to assist it, correct dysfunctions, help it function and even to 
replace some of its functions [14]. The fact is, however, that these sys-
tems were not conceived to be embedded in the human body. After 
examining the requirements of the present proposal and comparing it 
with the existing theoretical model, we concluded that a series of 
additional, essentially functional requirements needed to be incorpo-
rated into this model, to guarantee its viability. These requirements 
included aspects such as: miniaturisation, speed of operation, robust-
ness, reaction time, safety, power consumption or working temperature. 
The general objective of the present study was thus to create a new 
model of the neuroregulatory system that was based on the existing 
theoretical model, though enriched with a new architectural model that 
included the functional requirements we had identified. 

In accordance with the objectives set out, the work is structured as 
described next. Section 2 offers an overview of the current state of the art 
in the field. In Section 3, we briefly describe the existing theoretical 
model and analyse its deficiencies regarding the proposed objectives. In 
Section 4, the proposed solution is presented in the form of an archi-
tectural model of the neuroregulatory system. This latter neuro-
regulatory model, together with the theoretical model, constitutes the 
framework for developing a processor that emulates nerve centres. 
Section 5 addresses the validation of the proposal. We create a simu-
lator, both mechanical system and of the LUT neuroregulatory system, 
as well as a hardware device based on Field Programmable Gate Array 
(FPGA) technology to emulate a nerve centre and lastly a concrete 
hardware architecture to emulate the behaviour of the Cortical- 
Diencephalic centre. Still in Section 5, based on these created pro-
totypes, we propose a series of experiments, and we analyse the results 
by comparing them with the results obtained from the biological system. 
This analysis allows us to confirm that the device created from the 
proposed architecture behaves analogously to the biological system. 
Finally, Section 6 presents the main conclusions of the research as well 
as future work. 

2. Background 

Many works highlight the need for a deep understanding of biolog-
ical systems and how neural signals are processed [15, 16]. These 
studies are motivated by the desire to apply this knowledge to improve 
information processing techniques to create bio-inspired systems [17] 
that present a functioning like neuroregulatory systems and compatible 
with them. Simulation software offers a flexible platform to investigate 
and test different strategies [18] to verify the models’ functioning and is 
now widely used in the scientific community [19]. Nevertheless, it is 
currently not possible to simulate the complete neurological system and 
its prolonged activity over time. The reason is on the one hand, 
computational and memory demands [20], and on the other, the bio-
logical system’s extraordinary parallelism [21]. Therefore, models that 

simplify the complexity of computational connections and requirements 
are used, though they do nonetheless represent the full complexity of 
biological behaviour [22]. Using models enables us to manipulate the 
different dimensions expressed by highly complex systems, such as the 
time scale or signal frequency, which allows overcoming physical bar-
riers and restrictions [23]. This makes it possible to verify that the 
models correspond to observed systems. Once the systems have been 
analysed and understood, and they are translated into reliable and 
proven models, it is possible to start building hardware solutions to 
implement them [24]. 

Characterising complex, parallel, asynchronous systems that display 
intelligent behaviours require the use of tools with sufficient expressive 
capacity, such as Multi-Agent Systems (MAS) [25]. The cooperative 
control of MAS has received significant attention in different fields such 
as mechanics, biology, and engineering [26]. Furthermore, the emer-
gence of networked control systems, the treating of the system 
consensus, and system tracking have led to an increasing number of 
works on the use of MAS [27]. In recent years, technological advances 
have been made in the development of parallel and distributed systems 
that work with various methods of cooperative paradigms [28–30]. In 
this field, an agent is understood as any autonomous software compo-
nent that is designed to display intelligent and automatic behaviour 
when developing tasks, mainly through the sending and receiving of 
information [31]. Any composition of such agents is known as MAS 
[32]. MAS allow translating the cooperative system’s implementation in 
a natural and efficient way [33]. The agents’ joint behaviour and their 
interactions to solve tasks in a cooperative fashion constitute its major 
characteristic. The field of MAS has spread rapidly towards many in-
dustrial and commercial applications presenting decentralised and 
cooperative approaches [34]. Using agents in the modelling of biological 
systems allows designing the information’s complex aspects with suffi-
cient accuracy, such as: content, origin, destination, exchange condi-
tions and the actions performed by each entity [29]. Therefore, MAS is 
an ideal tool for modelling biological systems. 

Nevertheless, converting these models into hardware that can be 
used in the human body is not a trivial matter [35]. In addition to 
providing a specific functionality, a range of physical characteristics 
need to be fulfilled such as: computing speed, power consumption, the 
cost of the hardware itself and, naturally, biological validity e.g., the 
control of the device’s maximum temperature [36]. An appropriate 
characterisation such as this is indispensable to allow a device to 
interfere with biological activity efficiently and safely [37]. The device 
can thus contribute to corrections of hormonal dysfunctions [38], in 
neural transmission signals [39] or even in complete neuroregulatory 
subsystems [40]. The neural system models proposed are usually highly 
complex and therefore FPGA devices are ideal to implement, test and 
validate them [41]: in addition to implementing the models, the char-
acteristics of the produced hardware can be configured to adjust their 
functioning to that of the biological system. But this also comes with big 
challenges, since the design is subject to substantial restrictions, 
including: a limited number of operations and components [18]; an 
optimisation of the available memory [42]; and achieving not only a 
well modelled and characterised regulatory system to implement, but 
also a suitable hardware design that does not distort the model [43]. 

3. Theoretical model of the lower urinary tract 

An extensive and detailed description of the Lower Urinary Tract 
(LUT), on which this work is based, can be found in [6, 44]. In this 
article, we will focus on the model’s structural aspects because they 
influence the proposal’s architectural design the most. 

The theoretical model divides the LUT into a Mechanical System 
(MS), composed of the different organs and physical systems that will be 
regulated (bladder, sphincters, etc.), and a Neuro-Regulatory System 
(NRS), which regulates the behaviour of those organs. The neuro-
regulatory system is essentially made up of nine autonomous nerve 
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centres that collaborate to perform their function. These centres 
communicate with each other and with the central nervous system 
through afferent (ANS), efferent (ENS) and internal (INS) nervous sig-
nals that are part of the System Domain (SD) (see Fig. 1). 

The system domain (SD), in addition to the nervous signals, is made 
up of the states in which the system can be found (Σ), each centre’s 
possible actions on the system (Р) and the series of possible results of 
those actions, expressed through a set of intentions of actions (γi) on the 
mechanical system (MS). 

The system’s general basic functioning can be observed in Fig. 2: the 
neuroregulatory system (NRS), based on the current state of the system 
(σt), decides to carry out a series of actions (p) on the mechanical system 
(MS) with the intention (γ) of keeping it regulated. For its part, the 
mechanical system (MS), based on its current state (σt) and the set of 
intentions (γ) of actions of the neuroregulatory system (NRS), will 
evolve to a new state (σt + 1). This process undergoes constant 
reiteration. 

This simple functioning is somewhat complicated because the LUT’s 
neuroregulatory system (NRS) is actually composed of nerve centres that 
act independently, being either coordinated with each other or with the 
central nervous system to regulate the LUT. 

Each of these nerve centres (nci) has been modelled as a PDE 
(perception, deliberation, execution) intelligent agent [45, 46]. Fig. 3 
shows a schema of the new model that incorporates the nerve centres. 

This model gives each nerve centre (i.e., each agent) the capacity to 
perceive (Perceptnc) and have a particular vision (ϕnc) of the mechanical 
system’s current state (σt). Although the biological system does not have 
this capability, the NRS model was enriched by capacitating each centre 
to learn from its past experience (Memnc) thanks to an internal state (snc), 
which is the fruit of the decisions made in previous performances and of 
the current perception of the MS state. Based on the system’s perception 
and its internal state, each centre can make a decision (Decisionnc) 
concerning which task it should perform (p) to help keep the mechanical 
system regulated. However, since this nerve centre does not act in 
isolation, but together with eight other nerve centres (in the case of the 
LUT), its action is not certain to cause the expected change in the me-
chanical system. Therefore, an execution function (Execnc) is incorpo-
rated, representing the change’s intention (γnc), instead of the change 

itself (σt + 1). 
Since the neuroregulatory system is made up of n nerve centres (see 

Fig. 1), all of them acting at the same time on the mechanical system 
with the intention of bringing it to a given new state (σt + 1), it will be the 
mechanical system (MS) itself that will finally react against all possible 
action intentions (Γ) that come from all the nerve centres involved, 
evolving to a new state (σt + 1) that does not have to correspond to the 
particular intentions of the nerve centres. The functioning dynamics are 
shown in eq. (1): 

σ(t+ 1) = MS
(

σ(t),
⋃q

i=1
Exec(Decisioni(i(t), si(t)))

)

(1) 

Since the LUT biological model has been enriched by incorporating 
memory and decision-making capacity in nerve centres, it is possible to 
develop devices that, in addition to emulating the regulator’s habitual 
behaviour, are also capable of detecting and even correcting possible 
dysfunctions [47–50]. It is for this reason that the system’s global state 
(σ) transcends the mechanical system’s current state (eq. (1)), 

Fig. 1. Lower Urinary Tract Model (LUT) in humans.  

Fig. 2. Elements that make up the neural regulator model and its interactions 
with the mechanical system. 
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incorporating the internal state of all the nerve centres involved in the 
process into the system of equations (eq. (2)). More abstractly, the sys-
tem’s state will be made up of the state of the mechanical system (MS) 
together with the experience acquired by the neuroregulatory system 
(NRS) throughout its functioning. 

⎧
⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎩

σ(t + 1) = MS
(

σ(t),
⋃q

i=1
Exec(Decisioni(i(t), si(t)))

)

s1(t + 1) = Mem1(1(t), s1(t))
⋮

sq(t + 1) = Memq
(

q(t), sq(t)
)

con i = Percepti(σ(t))

(2) 

This white box model of the LUT has allowed us to improve our 
understanding of it and has served as the theoretical framework to build 
simulators used in rehabilitation therapies for neural dysfunctions. 
However, even though its behaviour is satisfactory and meets operation 
expectations, it does not contemplate the operational requirements 
necessary to develop hardware devices that can be implanted in the 

body and interact at the level of the nerve centre with the biological 
NRS. 

Analysing the present proposal’s requirements and comparing them 
to the existing theoretical model leads us to conclude that a series of 
additional, essentially functional, characteristics need to be included 
into the existing model to ensure its viability. These characteristics 
include aspects such as: miniaturisation, operating speed, robustness, 
reaction time, safety, power or working temperature. 

4. Architectural model of the neuroregulatory system 

The analysis of the theoretical model carried out in Section 3 dem-
onstrates the need to contemplate the necessary requirements to create 
hardware devices that can be embedded in the human body and that can 
not only replace, but also work together with the biological neuro-
regulatory system. Our proposal is to enrich the theoretical model by 
incorporating an architectural model of the neuroregulatory system. 

The general structure of the proposed architectural model is based on 
a multiprocessor system in which each processor is very elementary and 
represents a nerve centre’s functioning. In this way, each processor can 
act independently (Fig. 4). 

Though each processor acts autonomously, it always does so in a 
coordinated way with the rest of the centres. A data bus was thus 
designed (Fig. 5): it implements the afferent, efferent and internal neural 
connections that facilitate the transmission of information between each 
processor. 

An input module is proposed: it is responsible for capturing all 
afferent signals (ANS) coming from an organ or element of the me-
chanical system (MS) to be regulated, along with possible internal sig-
nals (INS) from other nerve centres, generally located at higher levels of 
the human neuroregulatory system (NS), which could intervene in the 
regulator’s behaviour. In the same way, an output module is proposed 
that collects the processors’ intentions (Γ) to regulate the mechanical 
system and convert them into efferent signals (ENS). Since the regula-
tory subsystem, in this case the LUT, can work with other regulatory 
subsystems, we also considered the possibility of transmitting internal 
signals (INS) that interconnect processors with the biological system’s 
nerve centres or with other processors located in other artificial regu-
lation subsystems (Fig. 5). 

Fig. 3. Nerve centres incorporated in the model shown in Fig. 2. General 
functioning schema of an NRS nerve centre with a PDE agent structure. 

Fig. 4. Illustration of the nine processors representing the nine nerve centres that regulate the LUT.  

F. Maciá Pérez et al.                                                                                                                                                                                                                           



Microprocessors and Microsystems 89 (2022) 104431

5

Since each nerve centre was modelled as a PDE agent within a Multi- 
Agent System, the structural elements that compose it were extracted 
from that model to address the processors’ architectural design (Fig. 6). 
In line with this vision, a perception module, an execution module, an 
internal memory status module and an additional memory module were 
proposed for each processor to host the processor’s functioning logic. 

The perception component consists of a multiplexer that, based on 
the processor state (si), stored in the internal memory component, will 
retrieve the information it requires (perception ϕi), from the input bus 
(afferent and internal signals), to perform its function (defined in the 
programme memory). 

The execution component basically consists of a demultiplexer 
controlled by the possible actions (P) that selects the possible influences 
(Γ) on the mechanical system (MS). We must remember that it is the 

mechanical system itself that will act react to all attempts of action of the 
nerve centres intervening in its regulation. 

The status memory corresponds to the theoretical model’s storage 
function (Memnc()) Therefore, based on the result of the perception 
component, together with the current internal state, it will generate and 
store a new internal processor state (si). Moreover, this internal memory 
allows each processor to be configured by storing a series of represen-
tative values for each centre and for each individual, such as pain 
tolerance thresholds, pressures, etc. Finally, all the centre’s possible 
reactions will also be stored in this memory. 

Although not contemplated in the theoretical model, the architec-
tural model adds a programme memory to the processor. This pro-
gramme memory stores the set of instructions that express the 
functioning of a given nerve centre. In this way, you simply need to 

Fig. 5. Representation of the neural connections to transmit information.  

Fig. 6. Structure and internal processor components (NCNCi) emulating a nerve centre.  
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modify the programme to modify its behaviour. It is important to un-
derstand that the logic described here regulates a given centre’s general 
behaviour (voluntary control, pressure inhibitor, etc.), but it is the pa-
rameters stored in the memory status that specifies its particular 
behaviour according to each individual. 

To finish, each processor is attributed its own data bus allowing a 
data flow between its components and a control bus responsible for 
directing the instructions from the programme memory to the different 
components. 

Following the theoretical agent model shown in Fig. 3, one can see 
that the decision function was not included in the architectural model 
(Fig. 6), as might have been expected. Instead, we chose to outsource 
this element. This decision was taken exclusively for design purposes i. 
e., to optimise resources, since the study’s ultimate objective was to 
build a System on Chip and the decision function one of the most 
complex elements in the system. For this, we analysed each centre’s 
functioning, as well as the use of the decision module, noting that its 
activation time was considerably shorter than that of the perception 
module. Simulations were carried out in which all nerve centres were 
working at almost 100% of their capacity, well above what their bio-
logical functioning level would be. We thus concluded that with the 
proposed architecture and functioning load mentioned above, one de-
cision component for every three processors was sufficient, thereby 
reducing the resources needed for its implementation by 66%, i.e. 3 
control centres share 1 single decision module, reducing the logic 
required in the decision module to 1/3 of the original logic. 

As mentioned, the decision component is the most complex in the 
system and to understand its design we must delve a little deeper into the 
theoretical model. Since this theoretical model is also quite complex and 
difficult to explain within the limited extension of this article, we will 
present a case study of a nerve centre that is sufficiently illustrative of 
the rest of the nerve centres: the Cortico-Diencephalic Centre (CD), 
responsible for voluntary control of urination. This centre will exemplify 
the type and nature of the functions that need to be performed in the 
decision module. 

The elements in Table 1 represent the normal behaviour of all uro-
dynamic variables obtained during bladder filling and voiding. Different 
techniques were used, such as electromyography or the calculation of 
pressures in the bladder, the detrusor muscle, and internal and external 
sphincters. 

For illustration purposes, Fig. 7 shows a simplified version of the 

normal evolution of these variables. 
At first, in the initial phase, the centre remains inactive despite the 

bladder filling up. During this phase, other lower-level centres will get 
organised to generate an internal feedback loop that prevents urine from 
escaping. At a given threshold, proper to each individual, a shift takes 
place towards an accommodation phase where the desire to initiate 
urination is consciously perceived. This is when a retention signal is 
activated: it prevents the process from getting under way if social or 
environmental conditions are not met (not being in the right place, a 
priority task is being carried out, etc.). This phase of voluntary retention 
is also determined by a threshold that depends on each individual’s 
physical conditions (bladder capacity, sphincter pressure, etc.). Once 
this threshold is exceeded, the retention signal drops and the urination 
facilitating signal is, in turn, activated, triggering the urination process. 
This process repeats itself cyclically. 

The main conclusion after analysing the decision component’s 
behaviour is that most of the operations it performs can be decomposed 
into very basic comparison operations and logical operations. This is 
why the component’s major element will be an Arithmetic Logical Unit 
(ALU), capable of performing these operations (Fig. 8). 

It should be noted that Table 1 only represents an example of a nerve 
centre’s functioning. This table is representative of the type of 

Table 1 
Operations necessary for the functioning of the Cortical-Diencephalic centre.  

Fig. 7. Graphs showing the behaviour of each signal involved in the func-
tioning of the Cortico-Diencephalic Centre (CD). 
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operations performed by a decision-making centre, but we must also 
bear in mind that the number of input signals, the number of operations 
and the type of result can vary greatly from one nerve centre to another. 

To achieve the required versatility, a demultiplexer was incorporated 
into each decision component. The demultiplexer is responsible for 
selecting the nervous signals involved, based on the perceptions and 
instructions it is sent; it is also responsible for activating the operations 
that the ALU must perform on them. In addition, a multiplexer was 
designed that re-injects the signals into the general system’s information 
flow based on the set of actions that can be performed by the centre and 
on the result of the ALU operations. This multiplexer is responsible for 
decision-making, i.e., for the intention (γi) to act on the mechanical 
system (MS). 

The control bus is the channel through which the instructions–that 
are stored in the nerve centre’s programme memory and that are being 
used by the decision component–are sent. Each instruction is composed 
of the operation code and a declaration of the intervening arguments 
(signals) (Fig. 9). Before going on to describe this structure, we will 
analyse which operations must be supported by the ALU and which 
components will participate at any given time (Table 2). 

All these elements should be considered in the design of the pro-
gramme’s instructions, so that the instructions’ structure ultimately 
correspond to that shown in Fig. 9. 

In Fig. 9, each instruction indicates the source block and the target 
block. The first a bits indicate the operation to be performed on the 
source data and sent to the target component; the following b bits tell us 
on which source component we will perform the action indicated above; 

the next c bits indicate the address or register within the source 
component where the value we need to perform the required operation 
is located; then there are another b bits that tell us the destination 
component to which we will send the data and the last c bits tell us the 
address or register within the destination component where we must 
copy the data. 

Finally, a set of components common to any hardware design with 
these characteristics were incorporated into the proposal i.e. a shared 
memory, control and steering buses, and a clock. Our architectural 
model was thus as shown in Fig. 10. 

This architectural model, together with the theoretical model suc-
cinctly described in paragraph 3, constitute our proposed solution of a 
model of a general human neuroregulatory system, that is both viable 
and possible to be implemented in hardware. Using the framework 
provided by the new model, we were able to create a prototype of the 
Cortical-Diencephalic centre. The following section details the how both 
the general model and the centre prototype were validated. 

5. Tests and validation 

Let us remember that our proposed solution was to incorporate, in 
the neuroregulatory system’s theoretical model, a new architectural 
model that took the system’s non-functional aspects into account [5, 
50]. Despite the theoretical model having been widely validated [6], the 
new architectural model also had to be validated, as well as the specific 
impact that this new model could have on the theoretical model, and the 
general impact it could have on the proposal as a whole. Due to this, we 
designed a validation strategy that included all the elements involved 
(see Fig. 11): based on the new model, a series of candidate architectures 
was proposed to perform the tests; a prototype was implemented for 
each architecture using a Field Programmable Gate Array (FPGA) 
specially designed for training the SoC. For our experimentation we 
have used a Xilinx Zynq Z-710 AP SoC FPGA. This hardware is similar to 
the hardware used in other works (section 5.2) and was recommended 
by the manufacturer. It allowed conducting unit tests on the candidate 
architectures and to verify that the prototypes functioned correctly. 
Finally, to validate the implantable device’s proper behaviour, that is, 
the neuroregulator (NRS), we verified that it was able to properly 
regulate the mechanical system’s organs and components. 

We are not, today, in a position to perform this type of test on 
humans. For this reason, we decided to implement a biological system 
simulator, both for the regulator (NRS) and for the mechanical system 
(MS), based on the validated theoretical models and the database of real 
patients, with and without dysfunctions, that we have built over our 
twenty years of research and collaboration with urology and neurology 
departments of various university hospitals [51–53]. This database in-
cludes the urodynamic variables obtained from electromyography, 
contrast tests and pressure calculation, both for patients with 

Fig. 8. Internal structure of the decision block composed primarily of an ALU.  

Fig. 9. Structure of the programme’s set of instructions.  
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neurological dysfunctions and for healthy individuals [54] [dataset]. 
The reason for wishing to also implement an NRS simulator is 

because our architectural model is a white box. This allows it to be acted 
upon at the nerve centre level. A specific case that we must validate is 
the total replacement of the biological NRS by our NRS prototype. The 
true utility, potential and novelty of our proposal, however, lies pre-
cisely in the fact that we can choose to only replace the nerve centres 
that may be affected and that the substituted synthetic nerve centres are 
able to perform their functions, interacting with each other, but also 
interacting with the biological nerve centres that do not present 
dysfunctions. 

Based on the constructed scenario (new proposed model, MS simu-
lator, NRS simulator and hardware prototypes) and the available data-
base of real patients [54] [dataset], a range of experiments was designed 
to cover the established premises. The objective was to validate the 
hardware prototypes at the nerve centre level, verifying: on the one 
hand, that both their individual behaviour, as well as the behaviour of 
the rest of the biological nerve centres and the (simulated) mechanical 
system turned out as expected; and on the other, that they followed the 
same dynamics as the human biological system. That is, the curves 
generated by all the components had to be compatible with the curves 
obtained from healthy individuals and from real patients with dys-
functions in the neuroregulatory system, specifically in the lower uri-
nary tract (LUT). 

Specifically, the experiments consist of taking a human’s nerve 
centre simulated in our tool and disabling it. This causes a dysfunction in 
the neuroregulatory system, with its corresponding impact on the 

Table 2 
Operations supported by the ALU, and source and destination components involved.  

Fig. 10. General schema of the proposed architectural model.  

Fig. 11. Scenario built to validate the proposal: general model, mechanical 
system and neuroregulator system simulator, candidate architectures for the 
created neuronal centre (CD) and physical prototype of the CD implemented 
using FPGA. 
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mechanical system (also simulated). The Cortico-Diencephalic (CD) 
centre was selected for these experiments. Once this was done, we 
connected the FPGA prototype that implements the synthetic version of 
the CD in hardware to the simulator. The latter is equivalent to 
implanting the embedded system into the individual’s body. Finally, a 
series of tests was launched to validate that the mechanical system (MS) 
behaved properly again, restoring the usual dynamics of its urodynamic 
variables. The tests also allowed to validate that the implanted artificial 
centre had been properly integrated into the rest of the biological 
centres. 

Now that we have detailed the experimentation scenario, we will 
dedicate the rest of the section to the validation phase, from the design 
of the experiments to the tests and the validation of the results. 

With respect to the NRS and MS simulator, Fig. 12 presents a diagram 
showing the tool’s main use cases. The simulator has a series of nerve 
centre configurations which allows us to vary all the input signals (ANS, 
INS). For each configuration, the involved nerve centres can be activated 
and deactivated and their operating thresholds can be modified (greater 
or lesser tolerance to pain, greater or lesser bladder volume capacity or 
detrusor muscle accommodation capacity, or the degree of pressure 
supported by the sphincters). The latter allows recreating each in-
dividual’s different reactions in the same initial conditions. In addition, 
the simulator provides a series of graphs that allow us to follow the 
evolution of each signal’s behaviour (ANS, INS and ENS) in real time. A 
group of basic functionalities common to any simulator were also 
incorporated, such as increasing the simulation speed or being able to 
stop or pause the simulation, amongst other functions. 

We addressed the NRS hardware prototype in two phases. In a first 
phase we designed and implemented the generic system based on the 
architectural model proposed in this work (Fig. 13). This design was 
conceived to execute different nerve centres. The second phase thus 
consisted of analysing (Figs. 7, 14 and 15 and Tables 3 and 4) and 
designing a specific nerve centre (Tables 5 and 6)–in our case, the 
Cortico-Diencephalic (CD) centre, responsible for the voluntary control 
of urination. 

Fig. 13 shows the components that are part of the System on Chip 
design of the NRS hardware prototype for a nerve centre: a multiplexer 
that represents the perception function; a demultiplexer that represents 
the execution function; a programme memory that stores the centre’s 

operating logic; a configuration memory that stores the centre’s state, 
behaviour thresholds, and possible results; and finally, the ALU which 
will perform all the operations based on the programme logic charac-
terising each nerve centre. 

The last step was to analyse the functioning of the Cortical- 
Diencephalic (CD) centre. This process was conducted by character-
ising the centre’s possible phases and states (Fig. 15) and studying the 
behaviour of the main signals involved (see Fig. 14): detrusor pressure 
(DACD), internal signal facilitating the urination (MICD), internal signal of 
retention activation (RICD), internal signal of activation of the preoptic 
area centre (CDIPS), and internal signal to inhibit the pontine storage 
centre (CDIPS). 

As explained, the Cortical-Diencephalic centre (CD) is mainly asso-
ciated with the voluntary starting and stopping of urination. The centre 
receives the afferent signal via the detrusor pressure (DACD) and the 
internal signals for the starting of urination (MICD) and voluntary 
retention (RICD) that control its functioning. These signals also largely 
govern the behaviour of the entire neuroregulatory system. The centre is 
related to the preoptic area centre (PA) through the internal signal 
(CDIPA), and to the pontine storage centre (PS) via the internal signal 
CDIPS. 

Following the behaviour presented in Fig. 7, we can observe that 
during the first phase, or initial filling phase, the signals will remain 
inactive up to a given threshold; at a second point in time, there is a shift 
to the accommodation phase in which the voluntary retention signal 
(RICD) is activated as the bladder feels full, but one does not wish to start 
urination voluntarily (usually for social reasons). This is when the 
Cortical-Diencephalic centre (CD) activates the preoptic area (PA) 
centre through the internal CDIPA output signal. Once the cause of the 
desire to retain goes away, this signal is inhibited and the voluntary 
urination signal (MICD) is activated, triggering urination (phase 2) and 
inhibiting the pontine storage (PS) centre using the internal CDIPS signal. 
This studied behaviour is summarised in Table 1, characterised by the 
afferent, internal and efferent signals involved, the decision thresholds 
and each function’s behaviour. A final condition is shown in this table: it 
indicates that when a second threshold is exceeded, even if you wish to 
retain urine voluntarily (RICD), the voiding process will still be triggered 
anyway. 

Depending on its relationship with other centres (internal signals) 
and the afferent signal that reaches it with information on detrusor ac-
tivity (related to bladder pressure), a series of functioning states can be 
defined for the CD centre (Table 3). 

The processor’s first possible state (sCD
1 ) is related to a situation of 

inactivity: the sensations are still not strong enough to generate a 
conscious signal of urination or retention. The second state (sCD

2 ) is the 
result of a conscious, stronger signal related to the action of storing urine 
(for example, because it is not considered to be the socially correct 
moment to urinate). The third state (sCD

3 ) is the opposite of the previous 
state: it reproduces the execution of a voluntary action to indicate the 
beginning of urination. 

It is possible to identify a fourth state sCD
4 (eq. (3)) that corresponds to 

the involuntary start of urination as a result of prolonged storage that 
has reached levels that exceed the threshold of pain. This state can be 
regarded as a defence mechanism aimed at increasing intravesical 
pressure to void the bladder. The occasional occurrence of this state does 
not indicate the presence of abnormalities, but its periodic repetition 
may be related to some organic dysfunction (for example, some degree 
of obstruction that prevents the urine from coming out until very high 
pressures are reached). 

SCD
4 =

( DACD,
DHCD2 − ∞

)
,
( MICD, {0, 1}

)
,
( RICD, {0, 1}

)
,
( CDIPA, 1

)
,
( CDIPS, 0

)

(3) 

Thus, the centre’s evolution over a complete cycle (expressed in time 
units) is as follows: it begins with state sCD

1 lasting 756tu, which 
Fig. 12. Simulator use case diagram.  
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corresponds to a situation of inactivity and is related to the retention 
phase in the LUT. The arrival of the voluntary retention signal forces a 
shift to state sCD

2 in which it remains for 149tu. State sCD
3 corresponding to 

a desire to urinate produced by the arrival of the signal MICD is then 
reached. After 30tu, statesCD

1 comes back and the cycle starts all over 
again. 

Fig. 15 shows the centre’s activity (represented by its internal input 
and output signals) related to the sequence of states. The internal sig-
nals’ activity range is normalised between 0 and 1. As several signals are 
represented in the same figure, for simplicity, this magnitude is not 
shown in the ordinates. Likewise, time was normalised in time units (tu) 
because each individual has their own rhythm. During the simulation, 
these time units were transformed into seconds depending on the 
characteristics of each individual. 

The non-appearance of state sCD
2 in the agent’s dynamics does not 

Fig. 13. Hardware prototype of the NRS architectural model.  

Fig. 14. Schema of the Neuro-Regulatory System (NRS) of the Lower Urinary 
Tract (LUT) highlighting the role of the Cortical-Diencephalic Centre (CD). 

Fig. 15. Sequence of states of the CD centre.  

Table 3 
Normal functional states of the CD centre.  

State DACD  
MICD  

RICD  
CDIPA  

CDIPS  

sCD
1  0 − DHCD2  0 0 0 0 

sCD
2  

DHCD1 −
DHCD2  0 1 0 1 

sCD
3  

DHCD1 −
DHCD2  1 0 1 0  
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represent a problem: it may indicate a wish to urinate prior to the need 
for voluntary retention. This would be the case, for example, if you 
wished to voluntarily empty your bladder (without it being necessary) 
because you are anticipating that you won’t be able to for a long time. 
On the other hand, if state sCD

3 (desire to urinate) is not reached, it can 
indicate a dysfunction in the centre since the process is being carried out 
by involuntary mechanisms. 

Following this analysis, we extracted the configuration parameters 
and operations necessary for the hardware prototype to emulate the 
behaviour of the affected nerve centre. The identified parameters 
(operating thresholds, input, and output signals) were stored in the 
centre’s configuration memory (Table 4). 

Finally, the programme memory was configured. Table 5 shows a 
sample with the instructions necessary to execute the first condition 
described in the table summary of the CD centre [46] [dataset]. These 
instructions constitute the processor microcode and follow the instruc-
tion format defined above. 

Once we disposed of the simulator and the hardware prototype, the 
experimentation phase could begin. Each experiment was developed by 
letting the entire system run and evolve for several days to verify that the 
prototype not only functioned as expected, but that all the operating 
variables remained within the valid limits over time. Therefore, the tests 
were aimed at evaluating both the device’s functional and operational 
aspects. 

During the evaluation of the device’s functionality, all the simula-
tor’s urodynamic variables were monitored to verify that they followed 
behaviour patterns that were equivalent and compatible with those of a 
human being and that the incorporation of the architectural model had 
not affected the theoretical model’s behaviour. 

The tests were carried out with samples obtained from healthy in-
dividuals (Fig. 16) and from patients with spinal cord injuries causing 
dysfunction in the lower urinary tract. In both cases, the simulator 
behaved as a healthy individual or as a patient presenting a dysfunction. 
In addition to monitoring the urodynamic variables (more focused on 
the mechanical system’s behaviour), were also monitored: all afferent 
and internal input signals (Fig. 17), all internal output signals to other 
centres (Fig. 18) and the main outputs efferents to the detrusor and 
sphincters (Fig. 19) to verify that they behaved as specified in the 
neuroregulatory system’s theoretical model. Generally, we monitored 
all the signals that allowed the (simulated) biological system to 
communicate directly or indirectly with the synthetic nerve centre 
(hardware prototype), and vice versa. 

In all functional tests, the behaviour was stable over time and 
compatible with biological curves and signals, both with those obtained 
from real individuals with and without dysfunctions in clinical tests, and 
with those extracted from the theoretical model. When comparing them 
to the summary table that describes the Cortical-Diencephalic centre 
functioning (Table 3), one can observe that the outputs provided by the 
simulator follow the expected dynamics in each normal urination phase 
(Fig. 17, 18 and 19). 

The CD is not involved in the initial filling phase because it corre-
sponds to an involuntary retention state that is managed in a lower level 

Table 4 
Configuration memory of the Cortical-Diencephalic Centre.  

Dir. (Hex) Value Dir. (Hex) Value 

00 DHCD1  20 1 

01 DHCD2  … empty 

02 0 … 39 empty 
03 0 3A 83 
04 0 3B 88 
05 1 3c 93 
06 1 3d accumulator 
07 0 3e accumulator 
… empty 3f accumulator 
… 1F empty    

Table 5 
Instructions required to execute the first functioning condition of the CD centre.  

Operation 
code 

Source 
block 

Internal_Add Target 
block 

Internal_Add Description 

001 00 000,000 11 000,001 LOAD INPUT 

REG 0 ALU 

REG 1 

001 01 000,000 11 000,000 LOAD 

MEMORY DIR 

0 ALU REG 0 

110 10 000,011 10 111,101 > ALU REG 1 

y 0 MEMORY 

DIR 3D 

001 00 000,001 11 000,000 LOAD INPUT 

REG 1 ALU 

REG 0 

001 00 000,010 11 000,001 LOAD INPUT 

REG 2 ALU 

REG 1 

100 10 000,000 10 111,110 NOT ALU 

REG 

0 MEMORY 

DIR 3E 

100 10 000,001 10 111,111 NOT ALU 

REG 1 

MEMORY DIR 

3F 

001 01 111,101 11 000,000 LOAD 

MEMORY DIR 

3D ALU REG 

0 

001 01 111,110 11 000,001 LOAD 

MEMORY DIR 

3E ALU REG 

1 

010 10 000,011 10 111,101 AND ALU 

REG 0 y 1 

MEMORY DIR 

3D 

001 01 111,101 11 000,000 LOAD 

MEMORY DIR 

3D ALU REG 

0 

001 01 111,111 11 000,001 LOAD 

MEMORY DIR 

3F ALU REG 

1 

010 10 000,011 10 111,101 AND ALU 

REG 0 y 1 

MEMORY DIR 

3D 

001 01 111,101 11 000,000 LOAD 

MEMORY DIR 

3D ALU REG 

0 

001 01 100,000 11 000,001 LOAD 

MEMORY DIR 

20 ALU REG 

1 

010 10 000,011 10 111,110 AND ALU 

REG 0 y 1 

MEMORY DIR 

3E 

001 01 111,010 11 000,000 LOAD 

MEMORY DIR 

3A ALU REG 

0 

001 01 111,110 11 000,001 LOAD 

MEMORY DIR 

3E ALU REG 

1 

010 10 000,011 01 000,000 AND ALU 

REG 0 y 1 

STACK P 

REG 0 

001 01 111,101 11 000,000 LOAD 

MEMORY DIR 

(continued on next page) 
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regulation loop. In the accommodation phase, the CDIPS output signal is 
activated by forcing voluntary retention. In the urination phase, this 
signal drops to zero (the cerebellum stops inhibiting the process) and the 
CDIPA signal favouring the start of urination is activated. These signals 
are internal (INS) and travel from the CD centre to the neuroregulatory 
system centres that will manage the detrusor muscle and sphincters to 
favour urination. 

For the tests validating the architectural model and the prototype’s 
hardware design, data were collected on the use of resources during 
hardware prototyping. These resources, as can be seen in Table 6, were 
minimal, especially considering that this was a first approach to the 
implementation of a nerve centre on an FPGA. 

Data related to consumption and temperature were also obtained 
using the reports provided by the Xilinx Vivado development tool 
(Table 7). The information obtained serves as a reference regarding the 
intensity of this centre’s functioning. We also obtained data that allowed 
us to estimate the autonomy of the solution once implanted in the 
human body. It suggested that it could run continuously for 200 h using 
a battery of approximately 3000 mAh. All this data corresponds to a first 
proposal for a nerve centre hardware. 

5.1. Comparing the results 

There are several proposals for architectural techniques and models 
that are based on the study of parts of the nervous system or on some 
component of a biological nature and that share some similarity with our 
proposed solution [55–66]. These works use FPGAs as reconfigurable 
devices to perform the necessary validations and tests in search of 
fundamental characteristics such as miniaturisation, operating speed, 
robustness, reaction time, safety, power consumption or operating 
temperature. These characteristics are also covered by our proposal. 

After studying the experimental variants of the works [55, 59, 60, 63, 
66], a comparison is made in terms of the use of the resources of the 
FPGA board used. These works are similar solutions to our proposal. The 
aim of this comparison is to check that the proposed solution is close to 
the general results obtained by some of these works. This reaffirms that 
the presented solution is an optimal digital implementation with 

minimal use of resources. Table 8 shows the summary of the compara-
tive study on the use of resources by the different devices used in the 
investigations referred to. It is important to clarify that the reconfig-
urable devices used by these other studies do not have exactly the same 
characteristics as the one used in our work, but in general terms it is 
possible to highlight the similarities in terms of the use of resources. 

Interestingly, it is important to note that our solution has a low 
power consumption compared to these proposals. Therefore, satisfies 
one of the most important constraints for this type of design, namely 
"low power consumption". In addition, during the literature review it 
was found that very few of the works consulted reported measures of 
power consumption. This comparison also demonstrates that the pro-
totype synthesised on reconfigurable hardware (FPGA) requires an 
appropriate number of resources for the solution. 

On the other hand, the proposal developed contributes at a higher 
level of abstraction if we compare it with previous works. Each nerve 
centre and each neuroregulatory centre is conceived as a dynamic 
component not compromised by implementation. This allows the pro-
posal to exhibit a certain degree of generality by using configuration 
strategies, i.e. it would be interpreted as the capacity to host specific 
instances of various neuroregulatory systems. 

The fundamental improvement proposed by our solution is to have a 
System on Chip design of a multiprocessor system that emulates the 
behaviour at the nerve centre level and presumably can behave like any 
of the nerve centres. 

6. Conclusions 

In this article, we proposed a model of the human neuroregulatory 
system allowing to create hardware systems that can be embedded in the 
human body. Specifically, the model is a System on Chip design of a 
multiprocessor system that emulates the behaviour of the neuro-
regulatory system at the nerve centre level. Based on the model, a 
hardware prototype was created that emulates the Cortical-Diencephalic 
(CD) nerve centre. Both the NRS model and the CD prototype were 
validated together with the theoretical model, using a biological system 
simulator (NRS and MS) also proposed in this work. 

The white box vision provided by the advanced model offers sub-
stantial improvements with respect to traditional black box models: it 
allows acting at the nerve centre level, without having to replace the 
entire regulatory system; it enables artificial centres to interact with the 
rest of the biological centres —this is especially important considering 
that many nerve centres do not act on a single organ and that a drastic 
replacement could have consequences on other subsystems and 
organs—; it allows to validate the partial or total functioning of the 
regulatory system in a more precise and reliable way; it enables the 
system to continue to behave consistently in the face of unexpected 
situations that would not have been taken into account during the 
model’s design phase; finally, the white box allows building more ac-
curate expert systems that help specialists in their decision-making, and 
has led to simulators that have been useful in rehabilitation therapies. 

In this work, a new milestone has been reached with the develop-
ment of a System on Chip of the neuroregulatory system. As far as the 
theoretical perspective is concerned, the existing model has been 
enriched by incorporating an architectural model that is better adapted 
to the creation of hardware systems. From a practical point of view, we 
succeeded in designing and implementing a LUT simulator and a hard-
ware prototype of the Cortical-Diencephalic centre, able to interact with 
each other. 

In the short and medium term, we will study other nerve centres in 
view of their hardware implementation and the design of prototypes 
that can host more than one nerve centre. The long- term goal is to create 
a chip that is fully configurable according to different nerve centres, 
capable of controlling both, biological and artificial systems. This chip 
should represent the first step towards the creation of hardware systems 
that can be embedded in the human body. 

Table 5 (continued ) 

Operation 
code 

Source 
block 

Internal_Add Target 
block 

Internal_Add Description 

3D ALU REG 

0 

001 10 000,000 10 100,000 LOAD ALU 

REG 

0 MEMORY 

DIR 20 

001 01 000,010 00 000,000 LOAD 

MEMORY DIR 

2 OUTPUT 

REG 0 

001 01 000,011 00 000,001 LOAD 

MEMORY DIR 

3 OUTPUT 

REG 1 

000 10 000,000 01 000,000 Ø ALU REG 
0 STACK P 

REG 0  

Table 6 
Summary of resource use after experimentation.  

LOGIC UTILIZATION USED AVAILABLE UTILIZATION 

Number of slice registers 7293 35,200 20% 
Number of slice Look-UP Tables 5050 17,600 28% 
Number of fully used slice Look-UP tables 

FF pairs 
3497 8846 39%  

F. Maciá Pérez et al.                                                                                                                                                                                                                           



Microprocessors and Microsystems 89 (2022) 104431

13

Declaration of Competing Interest 

The authors wish to draw the attention of the Editor to the following 
facts which may be considered as potential conflicts of interest and to 
significant financial contributions to this work. The authors declare that 
they have no known competing financial interests or personal re-
lationships that could have appeared to influence the work reported in 

this paper The authors wish to confirm that there are no known conflicts 
of interest associated with this publication and there has been no sig-
nificant financial support for this work that could have influenced its 
outcome. The authors confirm that the manuscript has been read and 
approved by all named authors and that there are no other persons who 
satisfied the criteria for authorship but are not listed. We further confirm 
that the order of authors listed in the manuscript has been approved by 

Fig. 16. Urodynamic curves of a healthy individual. Example of input for functional tests (bladder volume, sphincter pressure, bladder pressure and output flow.).  

Fig. 17. Simulator response to the inputs in Fig. 15: input signals affecting the CD, both Afferent (ANS: DACD), and internal (INS) coming from other regulation 
subsystems (RICD and MICD). 
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